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Abstract 
Hydroxyapatite sorption is considered to be a cost effective treatment process for 
removing excess fluoride from drinking water. It is a calcium phosphate crystalline mineral of 
significant importance to biological applications in dentistry and bone implants, as it comprises 
the majority of bone and tooth enamel. It also plays a direct role in the large-scale storage and 
transport of phosphate in marine and geological environments. Hence, many of its properties 
have been studied extensively. Yet, despite many advancements in understanding them, 
hydroxyapatite proves to exhibit a high degree of complexity. It is highly tolerant of substitutions 
of other ions and exhibits a highly variable morphology. The author of this work made an effort 
to synthesize the work of others in a way that helps make sense of how hydroxyapatite interacts 
with and removes fluoride from water.  
Understanding the mechanisms of defluoridation by hydroxyapatite is fundamental to 
establishing a way to move forward in the development of more effective fluoride adsorbents.  
Fixed-bed column tests were conducted using hydroxyapatite pellets as the adsorbent 
material. The nature of its interaction with water quality parameters including pH and the 
concentrations of fluoride, carbonate, calcium and phosphate was observed in order to gain a 
foundational understanding of the mechanisms of fluoride removal at work. These studies were 
substantiated with analytical surface and bulk analysis techniques: X-ray photoelectron 
spectroscopy (XPS) and X-ray diffraction, as well as surface area analysis. The hydroxyapatite 
used in this work was found to have the following composition Ca10.12(PO4)5.4(CO3)1.12(OH)1.80. 
Approximately 1.2 % of this material is calcium carbonate by wt.  
A number of interesting findings resulted from this work. First, it was observed that 
increasing calcium and phosphate concentrations in solution results in an increasing role that 
precipitation plays in the removal of fluoride. The removal capacity of this material improved by 
30% solely from the contributions made by calcium and phosphate. Second, it was proven 
through the collective findings from defluoridation experiments and XPS measurements that 
fluoride is able to travel through the interstitial pores within hydroxyapatite pellets, and that a 
significant amount of fluoride removal can occur this way, although kinetically slower than by 
other removal processes. Third, the defluoridation data suggests that only surface sites of the 
hydroxyapatite material, not the bulk, are responsible for fluoride removal. 
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Chapter 1: Introduction and Literature Review 
1.1 Background 
Fluoride in Water and its Impact on Human Health 
It has been observed that human exposure to and subsequent absorption of fluoride 
originates primarily from water consumption [1]. Due to its strong electronegativity, fluorine 
exists exclusively in its ionic form, fluoride, in nature [2]. Fluoride in water is predominantly 
geogenic in origin, in that it is abundant in the earth’s crust in the form of a number of minerals 
containing calcium, magnesium, and other multivalent metals [3]. As water flows through the 
subsurface, the dissolution of these minerals releases fluoride into the groundwater. Aqueous 
fluoride concentrations in groundwater are driven by the solubility of the dominant fluoride-
containing mineral [3]. 
The presence of low levels of fluoride in drinking water has been shown, both 
epidemiologically [4] and chemically [5, 6], to strengthen tooth enamel by making it less prone 
to dissolve in acidic environments and thus significantly reducing the development of dental 
cavities, particularly in children, over long term exposure [7, 8]. These findings are what led to 
the fluoridation of drinking water in many major United States cities by the 1950s [9].  
Conversely, there exists a threshold to the concentration of fluoride in water such that, 
when exceeded, long-term consumption causes negative chronic health effects that are 
practically irreversible [10-12]. Although this threshold is quite blurry [4], the general consensus 
is that a fluoride concentration of 0.7 – 1.2 mg-F/L is the ideal range for obtaining the most 
benefit for cavity prevention, while minimizing cases of fluorosis [13, 14]. Fluorosis is the 
disease where fluoride accumulates excessively on tooth enamel and the skeleton; its existence 
has been documented for well over a century [14-16]. At concentrations as low as 1 mg-F/L, the 
occurrence of mild dental fluorosis has been documented, though the effects are merely cosmetic 
and only observable to the trained eye [4]. When levels exceed 2 - 3 mg-F/L teeth become 
mottled and exhibit yellow, brown, and black spots as severity increases [17]. Furthermore, 
severe dental fluorosis causes chronic jaw pain and brittleness of teeth [18]. During fieldwork 
site visits in Nakuru and Baringo, Kenya, conducted by graduate students in the Safe Global 
Water Institute at UIUC, it was discovered that people with dental fluorosis were objects of 
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social discrimination. Many complained of having difficulty finding a spouse and obtaining 
certain types of jobs specifically because of their teeth (these findings were not published, but the 
author of this thesis was a member of that team). The risk of obtaining dental fluorosis primarily 
occurs during childhood, since enamel formation occurs throughout adolescence [19], but the 
presence and effects of dental fluorosis last a lifetime. 
 Observable skeletal fluorosis occurs with long-term consumption of higher levels of 
fluoride than that which causes dental fluorosis [20]. The threshold of exposure is also quite 
variable due to other compounding factors such as consumption of and exposure to fluoride from 
other sources [14]. The major symptoms of skeletal fluorosis include swelling and pain in the 
joints, as well as bone deformation at fluoride levels in water exceeding 4 mg-F/L [21]. Severe 
skeletal fluorosis is induced as levels surpass 8 – 10 mg-F/L and results in crippling [20, 22]. 
Figure 1.1 shows one such case of crippling skeletal fluorosis. The women pictured are affected 
most severely in their spine and knees. 
 
Figure 1.1 A case of severe, crippling skeletal fluorosis 
The author took this picture during his aforementioned field visit in Baringo County, 
Kenya in the spring of 2015. Lastly, unlike dental fluorosis, skeletal fluorosis may onset at any 
point in one’s lifetime [19]. Both women in Figure 1 developed symptoms of skeletal fluorosis 
later in life. 
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 Fluorosis is endemic to many regions worldwide. Fawell et al. [14] and Ayoob et al. [23] 
have compiled extensive lists of these locations and typical concentrations of fluoride found in 
their waters. Brunt et al. [24] created a world map based on geologic information that depicts the 
likelihood of fluoride occurrence at high levels in groundwater. The most severely affected 
regions, in terms of geographic area and population at risk, include countries that stretch the East 
African Rift Valley [25-27], central and western India [28, 29], and northeast China [30, 31]. 
Worldwide, the estimated population at risk of obtaining fluorosis ranges from 100 – 200+ 
million people; of those, the number at risk for skeletal fluorosis lies in the tens of millions [14, 
23].  
In summary, the long-term effects of consuming high levels of fluoride are chronic and 
debilitating. The places where high naturally occurring fluoride exists are relatively undeveloped 
and contain populations that are economically disadvantaged. In cases where alternative sources 
or blending of two or more source waters to reduce fluoride concentrations for safe drinking 
water is unavailable or impractical, defluoridation of water is needed. There is a great and dire 
need to develop affordable and effective fluoride removal technologies for drinking water that 
are culturally appropriate and simple to use in areas without electricity and where education 
levels of the local population are relatively low. This need is what led to the motivation for this 
work. 
Identifying an Appropriate Defluoridation Technology 
It was important to the author to investigate a defluoridation technology relevant for use 
in the developing world. Fluoride removal technologies for drinking water treatment have been 
researched for decades [32]. To date, there are three dominant, broad categories of fluoride 
removal techniques used in practice: membrane techniques [33], adsorption/ion exchange 
techniques [34], and precipitation techniques [35, 36]. Some articles review and compare all of 
these techniques extensively [23, 37]. There are hundreds of potential fluoride removal 
technologies in existence – particularly adsorbent materials - and new materials continue to be 
developed. Yet, in the past two decades, researchers have grappled with identifying technologies 
that are appropriate for sustainable use in the context of developing country applications, in 
particular rural areas. Populations in rural, developing countries are disadvantaged economically 
(i.e. high incidence of subsistence poverty and lack of resources), technologically (i.e. lack of 
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electricity), educationally (i.e. lack of capacity and low education levels), and geographically 
(i.e. low accessibility). In effect, the challenges for these cases are greater and more complex 
than one might encounter in the Global North. Under these constraints, there is overwhelming 
unanimity that the adsorption technique in fixed-bed column (FBC) reactors is most suitable due 
to its relative operational simplicity (compared with membrane and precipitation techniques), 
low cost (compared with membranes and ion exchange resins), low amounts of environmentally 
hazardous waste production (compared with membrane and precipitation techniques), adequate 
treatment efficiency (compared with precipitation techniques). See Fawell, Bailey [14], Onyango 
and Matsuda [38], and Ayoob, Gupta [23] for detailed comparisons.  
Yet, even within the category of fluoride adsorbents there are limits. Many of the novel 
adsorbents with high defluoridation capacities (capacity being the mass of fluoride adsorbed per 
unit mass of adsorbent), which are often modified versions of more common adsorbents, contain 
rare earth metals that render the practicality of such substances useless from the standpoint of 
cost and resource limitations [34, 37, 38]. Furthermore, a material’s capacity can decrease 
dramatically with increasing pH, so the capacities claimed by many papers are for conditions that 
are not relevant for natural waters.  Most novel adsorbents that have been tested in laboratory 
settings are powders, a form that does not fit the function of adsorption in FBCs for hydraulic 
reasons. On the other hand, clay and soil-based adsorbents have capacities that are so low that 
filter sizes become excessive, and so variable that quality control is impractical [14, 23, 39]. That 
leaves less than a handful of appropriate options; in field settings practitioners have come to the 
same conclusion, choosing either activated alumina pellets or bone char [40-42]. While 
considering these for research subjects, the author came across a manufacturer and practitioner in 
Nakuru, Kenya called the Nakuru Defluoridation Company (NDC). Recently they began 
manufacturing pellets made of calcium hydroxyapatite (HAP) – the same mineral that exists 
primarily in bone tissue, and thus bone char. These HAP pellets were chosen as the author’s 
research subject for a few reasons: (1) no literature has been found investigating its composition 
and performance; (2) the technology mitigates the risk of leaching potentially toxic or 
aesthetically displeasing chemicals that activated alumina and bone char often fail to do when 
improperly manufactured, respectively [37, 41]; (3) it bypasses taboos of certain cultures and 
religious values in that it is not made from an animal as bone char is; (4) it is appropriate for use 
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under the constraints previously discussed; and (5) there is ample room to improve its 
performance in FBC reactors. 
1.2 Hydroxyapatite and Fluoride Removal 
Apatite Composition and Structure 
Calcium apatites naturally occur as the primary constituent of human and animal bones 
and teeth [43], as well as in igneous, metamorphic, and phosphate bearing minerals [44-46] and 
as mineral deposits on the ocean floor [47], and scientists have studied it extensively. Hence, 
here is a wealth of knowledge concerning its chemical and structural properties.  
The composition of stoichiometric calcium hydroxyapatite is Ca5(PO4)3OH (often shown 
as Ca10(PO4)6(OH)2 because that is considered to be the size of one unit cell). It is one of many 
types of apatite minerals. Apatites tolerate ionic substitutions relatively easily such that the 
apatite structure Z5Y3X can contain Z = Ca2+, Ba2+, Sr2+, or Pb2+, Y = PO43- or AsO43-, and X = 
OH-, F-, and Cl- ions either purely or in mixtures thereof [48]. In addition, substitutions can occur 
with ions of nonequivalent charges (coupled substitution), the most common of which is CO32- 
for PO43- (B-type substitution), although an exchange can also occur between CO32- and OH- (A-
type substitution). Lattice vacancies are easily induced – often but certainly not always due to 
coupled substitutions – generating crystallites of non-stoichiometric compositions, which can be 
difficult to characterize.  
The most abundant geological apatite is calcium fluorapatite (FAP), while common 
substitutions found in geologic formations are F- exchanges with either OH- (HAP) or Cl- (ClAP) 
[46]. B-type carbonated, calcium deficient HAP is typical of biological and geological apatites 
[49, 50]. Calcium deficient hydroxyapatite is generated when incomplete formation of 
stoichiometric HAP occurs; it has the composition Ca10-X(HPO4)X(PO4)6-X(OH)2-X, where 0 ≤ X 
≤ 1-2, depending on the source [51, 52]. Despite the existence of several other crystalline 
calcium phosphate minerals with lower ratios of calcium to phosphate, calcium deficient HAP is 
still considered apatitic due to X-ray diffraction patterns being similar to highly crystalline HAP 
[53] – see [54-56] for examples. Synthesis conditions like increasing pH and eliminating aqueous 
carbonate [57], increasing reaction time [51], as well as heat treatment during or subsequent to 
precipitation [54, 58] improves the stoichiometry. Synthetic calcium apatites prepared via low 
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temperature wet precipitation are typically non-stoichiometric and contain trace levels of 
carbonate [55]. 
Phase pure XAP (X = OH-, F-, or Cl-) contain very similar lattice parameters of a 
hexagonal (P63/m) crystal structure [59, 60]. From an overhead view of the a-b (0001) basal 
plane, which is the dominant surface of XAP [61], the X anion is surrounded by what looks like 
six calcium ions oriented in a hexagonal shape, when actually three calcium ions that form a 
triangle in one a-b plane lie stacked on a parallel plane of the three other calcium ions and are 
rotated 90° about the c-axis. The X anions form a column along the c-axis. X anion positions in 
adjacent unit cells are ideally located on parallel planes in (0,0,z = ¼ and ¾) positions, the same 
planes that the calcium ions lie on. Thus, three calcium ions coordinate with an X anion. 
However, due to chloride’s larger radius and hydroxide’s polarity, they lie in distorted positions 
above or below the indicated planes. Chloride is in fact so large that vacancies often exist along 
the channel [59]. The calcium ions that coordinate with X anions are denoted as Ca(2). Outside 
of this hexagonal channel, each calcium coordinates with six oxygens belonging to various 
phosphates and having varying bond strengths and lengths. These phosphates in turn coordinate 
with calcium ions (denoted as Ca(1) and having nine-fold oxygen coordination) in a second c-
axis ion channel. The distortions created by displacement of hydroxide and chloride do not 
heavily affect the symmetry of the crystal structure and predominantly affect only the bond 
lengths of Ca(2)-O coordination [59].  
The dimensions of XAP unit cells vary slightly. On the a-b plane, a unit cell forms a 
rhombus where the vertices belong to the ideal X anion position. The edge lengths of the unit cell 
a = b = 9.4176, 9.367, and 9.628 Å for HAP, FAP, and ClAP, respectively, and γ = 120°. The 
unit cell height c = 6.8814, 6.884, and 6.764 Å [48]. Dimensions and ion positioning for HAP 
and FAP are more similar to each other than compared with ClAP. Coupled substitutions and 
non-stoichiometry also destabilizes the structure of the apatite crystal. These differences have 
large ramifications for ion exchange affinities and solubility in solution. For an in depth 
treatment of apatite structure, please refer to the volume by Elliot [62]. 
It is difficult to produce large HAP crystals. This is because HAP crystals tend to have 
more OH- vacancies than do FAP of F- and ClAP of Cl-, which creates lattice distortions [63]. 
Consequently, HAP powders, especially those of natural origins, are typically much higher in 
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surface area than FAP and ClAP. Natural HAP surface areas range from 70 – 120 m2/g, whereas 
fluorapatite is typically < 30 m2/g [64-69].  
Solubility of Apatites 
The surface of HAP undergoes dramatic changes when placed in water. Since a mineral’s 
surface properties govern many aspects of its reactivity, it is fundamental that they are well 
understood. 
Apatites exhibit very low solubility in water, as they are highly thermodynamically stable 
and have high solution interfacial free energies. For calcium phosphate minerals, of which there 
are many, calcium apatites are unequivocally the least soluble, FAP (logKs = -60.15 at 25°C) 
being orders of magnitude more insoluble than HAP (logKs = -57.5 at 25°C) [70]. There have 
been many attempts to determine an accurate solubility product for calcium apatite solids [71-
74]. Initially, it was thought that apatites exhibited non-stoichiometric solubility [75-77]. 
However, there are a number of experimental conditions such as the inclusion of impurities in 
the apatite studied, non-stoichiometric composition, slow equilibrium kinetics, etc. as well as 
assumptions like neglecting to include aqueous complexes in solution that some argue were the 
cause of the incongruities in the measurement of HAP and FAP equilibria [52, 53, 70, 78]. Even 
now there is still debate as to whether or not stoichiometric solubility for apatite occurs as it has 
been shown numerously that surface Ca/P ratios do not exhibit the same stoichiometry as bulk 
Ca/P. Many argue that a different calcium phosphate crystal phase exists at the surface, which 
controls the solubility. But the existence of a different “phase” at the surface has never been 
proven to exist – the incongruity between bulk and surface composition could be due simply to a 
surface defect that maintains electroneutrality by interactions or incorporation of other ions from 
solution [79]. There are many dissolution models that have been proposed for apatites [80]. 
Creating instability in the apatite crystal due to coupled substitutions or interjecting 
dopants will decrease its thermodynamic stability in water, thus reducing its solubility. For 
instance, a carbonate-rich FAP of the composition Ca5(PO4)2.52(CO3)0.70F1.05 has a solubility 
constant of logKs = -54.3 [79]. Furthermore, increasing the carbonate content (or other crystal 
destabilizing substitutes), solubility of FAP and by extension HAP increases [81-83].  
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HAP & FAP Surface Complexation Phenomena 
Beginning with a series of papers by Wu, Forsling, and Schindler [84-86], a number of 
researchers investigated surface complexation phenomena of HAP and FAP using a number of 
experimental and analytical techniques seeking to develop a model to describe the surface 
specific processes over a wide pH range. Recently, there is a growing consensus that there exist 
three pH domains (D1, 2, & 3) over which dissolution mechanisms of HAP and FAP differ due 
to differences in surface complexation reactions and surface speciation. Similar domains have 
been seen for other mineral surface chemistry [87-89]. These findings began with Perrone, 
Fourest [82] who saw a trend when plotting initial pH values with final pH values of a synthetic 
and natural carbonated FAP in equilibrium batch tests at 25°C: (D1: pHin < 4 – 4.5) the final pH 
is always greater than the initial pH and pHf increases as pHin increases; (D2: 4 – 4.5 < pHin < 9 – 
9.5) the pH equilibrates to the same point as pHin increases, and this pH endpoint differs for 
different apatites; (D3: pHin > 9 – 9.5) pHf is always lesser than pHin and pHf begins to increase 
again with increasing pHin. Chaïrat and her colleagues observed a similar trend for dissolution 
rate of natural FAP, except that the rate decreased as pHin increased in D1 and D3 in accordance 
with increasing apatite solubility with decreasing pH [90]. It is notable that the range of D2 in 
their study was smaller (6.5 < pHin < 9.5). Finally, using potentiometric titration, equilibrium 
batch tests, zeta-potential measurements in conjunction with XPS measurements, Bengtsson and 
his colleagues developed surface complexation models of both synthetic HAP and FAP 
equilibria over a pH range of 2 – 11; others have developed these models too [52, 65, 66, 69, 91]. 
Bengtsson et al.’s batch test results, particularly for HAP, again show similar domain behavior in 
the ranges that Chaïrat et al. found (D2: 5.5 < pHin < 9). In the HAP study [65] they plotted the 
concentrations of calcium and total phosphate dissolved on a logarithmic scale with respect to 
influent pH. As pH increases, calcium and phosphate dissolution decreases along the entire pH 
range investigated. In D1, calcium and phosphate dissolution occurs in the stoichiometric surface 
ratio of Ca/P = 1.4 that is seen from their XPS measurements; however, the ratios diverge in D2 
and peak at pH = 7 where Ca/P = 25. From then on, the ratios converge back to a ratio of 1.4 by 
pH = 9, yet, continue to converge as pH increases. Throughout D2 calcium dissolution is largely 
pH independent. These findings show that incongruous solubility is occurring. Since it is 
commonly thought that the solubility of a mineral is primarily a reflection of its surface layer 
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composition rather than its bulk composition, the findings also suggest a non-stoichiometric 
surface layer with respect to the bulk that is changing with a change in pH. 
At least superficially, the surface complexation model developed by Bengtsson and 
Sjoeberg shows that different protonated calcium and phosphate complexes dominate the HAP 
and FAP surfaces in the different pH domains. In addition, HAP and FAP can exhibit 
zwitterionic properties – in other words, the coexistence of negatively charged complexes (at the 
phosphate sites) and positively charged complexes (at the calcium sites). Generally, as pH 
increases hydrated, positively charged calcium complexes become deprotonated, leaving 
neutrally charged Ca-OH surface complexes; phosphate complexes may also be increasingly 
deprotonated with increasing pH but remain negatively charged. These observations are 
substantiated with analytical evidence from two MAS NMR studies of FAP that suggest the 
same protonation/deprotonation complexes of calcium and phosphate surface sites with pH 
changes [92, 93].  
Using this information, the following discussion describes the specific changes in surface 
complexation with respect to pH and the ensuing dissolution mechanisms for HAP within each 
pH domain. In D1 both calcium and phosphate surface species are highly protonated; this 
destabilizes the bonding strength of Ca(2)-O so much that dissolution occurs easily. Thus apatite 
dissolution is catalyzed by proton activity [52, 69]. As calcium ions leave their sites in excess 
protons are able to attach to and destabilize phosphates such that dissolution of the entire crystal 
unit cell occurs [90]. In D2 protonation and surface charge begins to decrease. Although 
hydrated calcium and protonated phosphate surface complexes still dominate there is a lower 
driving force for dissolution. Using intensive Density Functional Theory (DFT) and Molecular 
Dynamics (MD) computational modeling techniques, N.H. de Leeuw has shown that surface 
hydroxyl groups in HAP dissolve first, followed by Ca(2) dissolution. The probable reason why 
phosphate ions begin to dissolve much less than calcium ions in D2 is that the decreased 
protonation still has the driving force to destabilize calcium, while protonated phosphate surface 
complexes can remain stable. According to Bengtsson’s model and evidence from other research 
calcium dehydration starts to become significant around pH = 7 and dominates towards pH = 10, 
which corresponds well with the convergence of dissolved calcium and phosphate [52, 84, 90]. 
The dehydration of calcium and other metal surface sites and its role in stabilizing the metal ion 
in its crystal lattice position has been shown for other minerals [88, 94]. Finally, D3 displays a 
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reflection of this calcium stabilization on the HAP surface as dehydrated calcium surface sites 
dominates overwhelmingly.  
HAP and Interactions with Fluoride 
A finding of Bengtsson and Sjoeberg’s research on FAP dissolution [65] is that, by and 
large, fluoride dissolution from FAP did not change with changing pH. Perrone, Fourest [82] 
found conflicting results showing that fluoride dissolution is dependent on pH. The discrepancy 
might be explained with the fact that their FAP contained a significant amount of carbonate. 
However, both of their works showed that while calcium and phosphate dissolution decreased as 
solution pH increased, the divergence of dissolved Ca/P and subsequent convergence was not 
observed. Rather, their solubility ratios remained fairly consistent, although still indicating a 
different surface composition of Ca9(PO4)6F2 as was corroborated with XPS measurements.  
These empirical results highlight two important implications of the inclusion of fluoride 
into hydroxyapatite. The first has to do with the nature of F- uptake by HAP. For decades, 
researchers have been unsure of the dominant mechanism of its fluoride removal [32, 67, 95, 96]. 
They have suggested three potential mechanisms in the pH and F- concentrations that are 
relevant to natural waters: (1) isomorphic substitution of F- with OH- in the crystal lattice – ion 
exchange; (2) surface adsorption of F- to positive surface sites on HAP; and (3) dissolution of 
HAP followed by precipitation of FAP. The fact that F- dissolution from pure FAP is pH 
independent suggests that the mechanism of uptake by HAP is independent of surface chemistry. 
Using zeta potential measurements, isoelectric point (pHiep – the point of net zero surface charge) 
of HAP has been found to be 7.3 to 8.7 [66, 72, 97-99], while the pHiep of FAP is typically 
lower: 5.5 to 6.7 [65, 69, 95, 99]. Thus, at relevant pH values for natural waters, the surfaces of 
both HAP and FAP are net neutral to negative in charge, not the type of surface that fluoride 
would preferentially adsorb to. Consequently, it is unlikely that the dominant mechanism of 
fluoride uptake is adsorption.  
Intuition suggests that both FAP and HAP are basic minerals in that as they dissolve, they 
will release PO43- ions (and OH- ions for HAP) into solution. In the absence of additional acids or 
bases in solution, the equilibrium pH of both ought to be > 7. This is true of HAP – an 
equilibrium pH of 8 was found [66] – but the results for FAP are counterintuitive. The 
equilibrium pH of FAP was 5.3, signifying that a large amount of OH- was substituted for the 
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dissolution of F- out of the FAP surface layer. Computational modeling has shown that when a 
fluoride ion sits in the crystal lattice next to a hydroxide in the same c-axis channel, the hydrogen 
of the hydroxide will interact with the fluoride such that it is more thermodynamically stable for 
the two to coexist rather than pure FAP [60]. The same can be said for fluoride inclusion into 
HAP; it is preferential for fluoride substitution to occur because of the interaction with its 
neighboring hydroxide [6]. Therefore, the ion exchange mechanism for fluoride uptake is highly 
likely as the dominant mechanism.  
Furthermore, it would make sense that ion exchange is kinetically much faster of a 
process than dissolution and reprecipitation (the slow kinetics of FAP precipitation is discussed 
briefly in Section 2.3). In her modeling work, de Leeuw discovered that diffusion constant for a 
surface OH- in HAP (5.74E-9 cm2/s at 37) to be significantly nearer to the diffusion constant of 
water near the surface (1.51E-7 cm2/s) than that of subsurface OH- in HAP (1.23E-12 cm2/s), 
which indicates that the surface OH- acts more like a solvated species than one trapped in a 
crystal lattice [6]. Hence, it can be presumed that, in most cases, ion exchange is more significant 
and relatively quicker than dissolution and reprecipitation as a defluoridation mechanism. A case 
where dissolution and precipitation may play more of a role in defluoridation is if the HAP used 
exhibits low, amorphous-like crystallinity. As mentioned previously, these apatites have higher 
solubilities. As a consequence, they may be more likely to dissolve quicker and precipitate in a 
more ordered, crystalline FAP. 
The second implication of Bengtsson and Sjoeberg’s FAP dissolution results is that 
fluoride inclusion into HAP retains calcium more effectively, thereby bringing higher stability to 
the mineral. De Leeuw shows this in her computational work; Bengtsson and Sjoeberg show this 
in their equilibrium data, and their XPS measurements reveal a higher surface Ca/P ratio for FAP 
(1.5) than for HAP (1.4); and the numerous studies centered around fluoride’s inhibitory effects 
on the dissolution of tooth enamel show this [6, 65, 100].  
HAP and Defluoridation Performance 
Apatite has a relatively rigid crystal. Despite hydroxide ions being relatively mobile at the 
surface, they diffuse very slowly within the subsurface layers of the lattice [60]. The 
interchangeability of hydroxide ions is practically insignificant from a kinetic standpoint. In 
effect, HAP uptake of fluoride occurs insofar as it is thermodynamically possible. De Leeuw 
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calculates that at 37°C the substitution of hydroxide ions with fluoride ions is exothermic for the 
top three hydroxide ions in any particular c-axis channel (the top two crystal units, as each unit 
contains two hydroxides) and decreases with increasing depth [6]. Realistically then, fluoride 
removal at 25°C may only be for the very top HAP layer of any one crystallite (a depth of < 1 
nm), provided that there is a sufficient driving force. A study using depth profiling and X-ray 
photoelectron spectroscopy, a highly surface sensitive technique, obtained empirical results that 
agree with de Leeuw’s work [100]. 
Using titration data, Jarlbring, Gunneriusson [69] calculated that the number of hydroxide 
reactive sites in a carbonate free FAP amounted to 2.95 sites/nm2 for a solution with an ionic 
strength of 0.1 M NaNO3. Similarly, Perrone, Fourest [82] found a similar site density of 3.1 
sites/nm2 for carbon-rich FAP at the same ionic strength. Due to its near equal lattice parameters, 
HAP can be assumed to have the same hydroxyl site density.  Using this information, a 
theoretical adsorption capacity for HAP can be estimated provided that the specific surface area 
is known. Keep in mind that there are potentially two exchangeable hydroxide ions per site. 
Many researchers have looked at perhaps more practical determinations of synthetic and 
natural HAP defluoridation capacity (q) in batch experiments, measured in units of mg of 
fluoride adsorbed per g of HAP used [68, 101, 102]. Sternitzke, Kaegi [96] found for synthetic 
HAP powder with a BET surface area of 64 m2/g to have a capacity, q = 6.9 mg/g at pH = 7, 
25°C and influent [F-] = 1 mM (~19 mg-F/L). At [F-]in = 10 mg-F/L, Sundaram, Viswanathan 
[102] obtained q = 1.3 mg/g at pH = 7 and 25°C for their synthetic HAP powder. The difference 
in influent concentration would not cause this great of a difference in the capacity. Although its 
specific surface area was not measured, the HAP used in this study may have exhibited lower 
surface area and/or higher crystallinity, which have both been shown to decrease fluoride 
adsorption in HAP defluoridation batch tests [103, 104]. Batch tests using bone char result in 
capacities of similar magnitude. With bone char particle sizes ranging from 0.18 mm – 2 mm, 
maximum defluoridation capacities (qm) were determined to be 2.71 – 5.64 mg/g at pH = 7 [68, 
101, 105]. qm is a term that is used for determining a maximum theoretical capacity of a given 
adsorbent, assuming it is in equilibrium with the adsorbate. In other words, it is an isotherm that 
describes adsorption phenomena. Most researchers that test HAP and bone char find good 
correlation with the Langmuir adsorption isotherm, which assumes that sorption occurs as a 
monolayer [67, 68, 106, 107]. The match of this mechanistic isotherm is in agreement with the 
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literature review presented above. Factors like particle size, pH, and charring temperature were 
all shown to affect bone char defluoridation capacity [68, 101, 103]. Other factors, tested for 
both natural and synthetic HAP, like temperature and competing anions (e.g. Cl-, SO42-, HCO3-, 
and NO32-) were shown to contribute negligibly to the fluoride removal capacity [68, 96, 108, 
109]. The fact that chloride does not have an effect on fluoride removal capacity is telling of the 
fact that its substitution into the apatite crystal requires the a-b lattice parameters to expand, 
which does not seem to be a favorable reaction. 
Batch testing for bone char and synthetic HAP has also been conducted to determine 
kinetic phenomena of fluoride uptake. For bone char tests, > 90% removal of fluoride occurs 
within several hours to several days [68, 103, 105]. On the other hand, > 90% removal of 
fluoride by HAP powder typically occurs in less than 3 hours [67, 95, 96].  
Work by Leyva-Ramos, Rivera-Utrilla [107] compared the fits between kinetic and 
diffusion models for describing the rate of defluoridation of bone char in batch tests. Ultimately, 
they decided that both a diffusion model and a kinetic model with the reaction order n = 1.8. 
Although the authors of that study do not suggest this, it is possible that both kinetic-controlled 
processes and diffusion-controlled processes are occurring simultaneously and significantly. 
Based on the isomorphic substitution reaction that dominates, it would make sense that it follows 
a 2nd order rate reaction in accordance with the concentration of fluoride in solution and the 
concentration of hydroxide surface sites. In one of their figures the authors compared 1st order 
and 2nd order reaction rate models with their data. In the initial, relatively rapid decrease in 
fluoride concentration, the 2nd order model fits very well. Only later on does it diverge from the 
data. In another plot the authors compared the effect that particle size affected the fit of diffusion 
models. For a smaller particle size the diffusion model does not fit well, whereas the fit 
significantly improves for a larger particle size. Bone char has a porous structure. Intraparticle 
diffusion from the particle surface to the inner pores is therefore a phenomenon that ought to 
occur and will to some extent control the rate of its defluoridation kinetics. However, the smaller 
a particle becomes, diffusion imparts a lesser role on the overall kinetics. Thus, the logic 
presented seems to make sense of their models. In summary, kinetic and diffusion rates govern 
the defluoridation rate of a bone char particle initially, while over time the diffusion rate will 
dominate as reaction sites at the particle surface diminish. 
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1.3 Knowledge Gap and Objectives of This Work 
As stated again, there is no known literature on the removal of fluoride by HAP pellets in 
FBCs, how the pellet affects kinetics and capacity of uptake, as well as the general chemistry 
changes from the influent to the effluent. Only a couple studies have studied bone char 
defluoridation in FBC experiments, but the information presented is limited [110, 111]. It is 
important to utilize mechanistic knowledge of HAP defluoridation for investigating how that 
translates to real-world conditions. For instance, just because an adsorbent has a specific removal 
capacity in batch does not mean that it will utilize that full capacity before the effluent water is 
no longer safe for consumption. The point at which this begins to occur is called breakthrough, 
since fluoride is “breaking through” or escaping the adsorbent. Breakthrough is an important 
practical consideration for any adsorbent in a FBC, but this work’s objective is not to achieve the 
best breakthrough by changing reactor parameters. Rather it is more important to understand 
mechanisms of fluoride uptake in order to fundamentally improve the defluoridation process by 
HAP.  
Accordingly, there is little known information on how the presence of calcium and 
phosphate in solution will affect the fluoride uptake rate and capacity of HAP. Again, two 
limited studies show the potential that their presence has, but lack information on how much 
calcium and/or phosphate is needed to have a significant effect and to what extent that effect is 
[42, 112]. 
Thirdly, there is no actual proof that fluoride diffuses into the bulk of a HAP particle (not 
the bulk of a crystal, but an aggregate of crystals, like a bone char particle). There is only 
evidence from modeling and the presence of pores that it occurs. 
The author seeks to address all of these gaps in the following work. 
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Chapter 2: Materials and Methods 
2.1 HAP Pellet Production and Preparation 
Ambient air and temperature wet precipitation of HAP using calcium hydroxide and 
phosphoric acid dates back to Clark [74] and was refined to optimize the production of phase 
pure HAP by Akao, Aoki [113] and then Osaka, Miura [55]. The hydroxyapatite pellets used in 
this study were purchased in Nakuru, Kenya, at the Nakuru Defluoridation Company (NDC). 
NDC’s HAP pellets are produced using a method that was developed by a German company (Dr. 
Ecker, GmbH) and was first reported in the literature by Morteani, Eichinger [114]. The 
following protocol is an adapted version used by NDC. At ambient temperatures (25 – 30°C) and 
exposed to air, 70 kg of industrial grade calcium hydroxide powder (the original method calls for 
60 kg of reagent grade CaOH2 powder) is mixed into 2000 L of – in the case of NDC – 
rainwater, used because it does not contain fluoride. While stirring continuously at 100 rpm, 85% 
phosphoric acid is slowly dosed into the mixture until the pH reaches 9.5; otherwise, different 
and unwanted calcium phosphate products may form at lower pH levels [58, 115]. 
Hydroxyapatite precipitates preferentially at pH levels above 9 [57, 115]. This slurry is then 
mixed for 2 hours as HAP precipitation occurs. After mixing, the viscous slurry is dewatered 
using an industrial filter press. The resulting filter cake contains approximately 30% solids. This 
cake is mixed with dry hydroxyapatite powder (made from the same process) in a 12:5 weight 
ratio, respectively, creating a dough-like consistency. More dried HAP powder is added if 
necessary to achieve the proper moisture content. At the NDC, operators do not use a 
standardized method for determining the correct consistency. Rather, they judge solely using 
their sense of touch. Once approved, the dough is pelletized using an industrial meat grinder, 
creating pellets with 2 mm diameter and a final dried length of 2 – 10 mm. Finally, the pellets are 
air dried in the sun.  
In preparation for the fixed-bed column experiments and material characterization, they 
are sieved between 1.00 and 1.77 mm mesh sizes at UIUC. For HAP characterization, a heat-
treated sample was produced to compare with non-treated HAP and to elucidate its composition 
and structure. Sieved HAP pellets were placed in a crucible and heated in a muffle furnace at 
900°C for 5 hours. Afterwards, the furnace was turned off and allowed to cool overnight. These 
pellets were then re-sieved before storing in an enclosed glass bottle at room temperature. 
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2.2 Fixed Bed Column Experiments 
Influent Water Conditions  
Sixteen different water conditions were tested in the FBC experiments. Differences in 
pH, [F-], total carbonate ([CO3]t), [Ca2+], and total phosphate ([PO4]t), at concentrations relevant 
to natural waters, were investigated in order to understand their effects on the chemical behavior 
of HAP pellets and its performance in the uptake of fluoride in a fixed-bed column reactor. 
Reagent grade HCl (Fisher Scientific), NaOH (Sigma Aldrich), NaF (Sigma Aldrich, ≥ 99.0%), 
NaCl (Sigma Aldrich, ≥ 99.0%), CaCl2 (Fisher Scientific, 99.2%), and NaH2PO4 (Fisher 
Scientific, 99.7%) were used for making stock solutions and stored in Pyrex glass bottles. These 
along with powdered NaHCO3 (Fisher Scientific, ≥ 99.7%), would be added in their proper doses 
to ultra high purity (resistivity = 18.2 MΩ/cm) Siemens Milli-Q water and stirred at 300 rpm for 
several minutes in order to make influent solutions with the desired water quality conditions. 
Table 2.1 shows the composition of the different influent solutions.  
Table 2.1 Influent solution compositions for FBC experiments 
Change	in:	 Cond.	No.	 pH	 [NaCl]		 [F-]	 [CO3]t	 [Ca2+]	 [PO4]t	
-	 -	 -	 M	 M	 M	 M	 M	
[F-]	
1	 8.0	 9.00E-03	 -	 1.00E-03	 -	 -	
2	 8.0	 8.90E-03	 1.00E-04	 1.00E-03	 -	 -	
3	 8.0	 8.60E-03	 4.00E-04	 1.00E-03	 -	 -	
4	 8.0	 8.00E-03	 1.00E-03	 1.00E-03	 -	 -	
pH	
5	 9.0	 8.53E-03	 4.00E-04	 1.00E-03	 -	 -	
6	 7.0	 8.59E-03	 4.00E-04	 1.00E-03	 -	 -	
[CO3]t	
7	 8.0	 9.50E-03	 4.00E-04	 1.00E-04	 -	 -	
8	 8.0	 -	 4.00E-04	 1.00E-02	 -	 -	
[Ca2+]	
9	 8.0	 8.54E-03	 4.00E-04	 1.00E-03	 2.00E-05	 -	
10	 8.0	 8.00E-03	 4.00E-04	 1.00E-03	 2.00E-04	 -	
[PO4]t	
11	 8.0	 8.58E-03	 4.00E-04	 1.00E-03	 -	 1.00E-05	
12	 8.0	 8.27E-03	 4.00E-04	 1.00E-03	 -	 1.00E-04	
[Ca2+]	&	
[PO4]t	
13	 8.0	 8.52E-03	 4.00E-04	 1.00E-03	 2.00E-05	 1.00E-05	
14	 8.0	 7.98E-03	 4.00E-04	 1.00E-03	 2.00E-04	 1.00E-05	
15	 8.0	 8.31E-03	 4.00E-04	 1.00E-03	 2.00E-05	 1.00E-04	
16	 8.0	 7.80E-03	 4.00E-04	 1.00E-03	 2.00E-04	 1.00E-04	
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Note that 1E-4 M F corresponds to approximately 2 mg-F/L, 4E-4 M F to 8 mg-F/L, and 
so on. In most conditions, the pH, [F-], and [CO3]t are held at 8.0, 4E-4 M, and 1E-3 M, 
respectively to provide a baseline control. 
Small additions of 1 M NaOH and 1 M HCl solutions were used in order to alter the 
influent to the desired pH. In addition, NaCl was added to each influent in order that each 
condition had the same ionic strength (I) of 1.00E-2 M. Ionic strength was calculated using 
Equation 2.1 𝐼 = !! 𝑐! 𝑧!!              (2.1) 
where ci is the concentration of the ionic species i in moles per liter and zi is the charge on i. 
Counter-ions such as the [Na+] in NaHCO3 and [Cl-] in CaCl2 were also included to calculate I. 
In order to determine the amount of NaCl needed to reach the desired ionic strength, the amount 
of NaOH or HCl added to alter the pH was first determined by making a small test batch of 
influent. The proper amount of NaF, NaHCO3, CaCl2, and NaH2PO4 were added to 1 L of Milli-
Q water being magnetically stirred at 300 rpm. Using a pH probe, the resulting pH was 
measured. Small doses of NaOH or HCl were added until the desired pH was reached. Once the 
acid or base addition was known, leaving [NaCl] as the only unknown variable in the 
determination of the ionic strength, the concentration of NaCl required was calculated.  
Saturation Considerations 
Another consideration for the influent solutions was the saturation of solutes with respect 
to various calcium carbonate and calcium phosphate based solids. It is not desirable to be 
supersaturated with respect to low solubility minerals, since there exists the potential that 
homogeneous nucleation could occur along the column and tubing, thereby inaccurately 
representing the interactions that the solutes have with HAP pellets in the packed column.  
To account for this, calcium and total phosphate concentrations were chosen that generate 
solutions mostly undersaturated with respect to various solid phases. To calculate saturation 
indices, one needs first to determine the ionic activity of each solute species for the solution in 
question. The Davies equation (equation 2.2), which accurately predicts the activity coefficients 
for solutions where I < 0.5 M, is sufficient for use here. The classical Debye-Hückel limiting law 
predicts activity coefficients for solutions where I < 0.005 M, and the extended Debye-Hückel 
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equation is only appropriate in solutions where one ion pair dominates the ionic strength [116]; 
thus, they will not work for these predictions.  The Davies equation is as follows: 𝑙𝑜𝑔𝛾! = −𝐴𝑧!! !!.!!!!!.! − 0.2𝐼             (2.2) 
where γi is the activity coefficient for ion species i, z is the species’ charge, I is the ionic strength, 
and A is a constant related to the temperature and dielectric constant of the medium – at 25°C in 
water, A = 0.51 [117]. To calculate speciation, equilibrium constants as shown in Table 2.2 were 
used, taken from Benjamin [117]. 













Once the activity coefficient is determined for each species, the product of a species’ 
concentration and its corresponding activity coefficient equals its activity. The saturation index is 
defined as: 
𝑆 = !"#!! ! !      (2.3) 
where Ks is the solubility product of a solid phase, IAP stands for the ion activity product 
corresponding to that phase, and η refers to the total number of ions in the formula unit of said 
phase. The classical definition of the saturation index (Sc) excludes the 1/η term; however, it is 
preferable to use Equation 2.3 as defined in Nielsen [118], since Sc to the power of 1/η 
normalizes the index – that is, the normalization makes the saturation index independent of the 
way in which the formula unit of a solid is written. See chapter 2 of Van Cappellen [70] to see a 
detailed explanation.  
To give an example of how S is calculated, the case of HAP will be used. With the 
formula unit of Ca5(PO4)3OH, IAPHAP is defined as: 
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𝐼𝐴𝑃HAP = [Ca!!]![PO!!!]![OH!]    (2.4) 
The brackets in Equation 2.4 denote activity, not concentration. The number of ions in the 
formula unit, η = 5 + 3 + 1 = 9. Thus SHAP is: 
𝑆HAP = !"#HAP!!, HAP ! !     (2.5) 
 One additional calculation was made for determining saturation – not to improve the 
calculation but to make its significance easier to see. Saturation of a solid is achieved when the 
ratio of IAP to its corresponding Ks is 1. A ratio lower than 1 indicates that the solution is 
undersaturated with respect to the phase, whereas a ratio higher than 1 indicates supersaturation. 
Taking the logarithm of S makes supersaturation any positive number, saturation equal to zero, 
and undersaturation any negative number. The further away from zero log(S) is corresponds to 
an increasing under or supersaturation.  
Table 2.3 shows the solubility products of calcium phosphates and other calcium salts 
that have the potential to form with the experimental conditions of this study. Van Cappellen 
critically reviewed the literature to compile the calcium phosphate solubility constants, listed in 
Table 2.3 that were determined after meticulous verification of solid composition and sure 
establishment of equilibrium [70]. 
Table 2.3 Thermodynamic solubility products (25°C, 1 atm) 
Phase	 Abbv.	 Formula	Unit	 log	(Ks)	
Fluorapatite	 FAP	 Ca5(PO4)3F	 -60.15a	
Hydroxyapatite	 HAP	 Ca5(PO4)3OH	 -57.50a	
Octacalcium	phosphate	 OCP	 Ca4H(PO4)3	•	xH2O	 -46.10a	
Tricalcium	phosphate	 TCP	 Ca3(PO4)2	 -28.94a	
Dicalcium	phosphate	dihydrate	 DCPD	 CaHPO4	•	2H2O	 -6.68a	
Fluorite	 -	 CaF2	 -10.50b	
Calcite	 -	 CaCO3	 -8.48b	
Aragonite	 -	 CaCO3	 -8.36b	
aValues	from	[70];	bValues	from	[117]	
Using these equations, influent conditions, and solubility products, the saturation indices 
were determined. The only influent conditions that actually contain all the solutes necessary for 
precipitation of solids (calcium, carbonate, fluoride, and sometimes phosphate) are numbers 9 – 
10 and 13 – 16. Of those, conditions 13-16 are slightly supersaturated with respect to FAP and 
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sometimes HAP. Otherwise they are undersaturated with respect to all of the other solid phases 
in Table 2.3.  The most supersaturated of these is influent condition number 16, which contained 
average experimental values of log(SFAP) = 1.16 ± 0.018 (SFAP = 14.47) and log(SHAP) = 0.56 ± 
0.025 (SHAP = 3.63).  
At a cursory glance, it would seem that these conditions might be problematic in that, 
thermodynamically, precipitation is bound to occur. Yet, the kinetics of precipitation must also 
be taken into account. According to classical nucleation theory, the interfacial free energy 
required to form the nucleus of, say, a solid phase from solutes in an aqueous solution must be 
overcome in order to settle into the more thermodynamically stable solid phase [119]. There is a 
critical nucleus size at which point the interfacial free energy is overcome and nucleation can 
occur spontaneously [120]. The time that it takes to form critical nuclei is known as the induction 
period [121]. As the supersaturation of a solution with respect to a solid phase increases, the size 
of both the critical nucleus and activation energy decreases [122]. Consequently, induction 
periods decrease as supersaturation increases. It is well known that HAP and FAP have 
formation rates on the order of geologic time scales (which can mean days to millennia, 
depending on the solid phase in question), particularly at saturation indices commonly found in 
nature [123]. In his doctoral work, Van Cappellen studied the induction period of FAP in 
magnesium free water at different supersaturation states [70]. He found that the induction period 
for FAP with S = 54.36 at 25°C, a value significantly greater than the largest saturation index in 
this study, to be 80 hours. For this reason, the influent solutions in this study that were 
supersaturated with respect to HAP and FAP were deemed acceptable to use, given the time 
scale in which the FBC experiments were conducted. 
FBC Setup and Procedure 
Columns for the FBC experiments were blown at the Glass Shop in the Department of 
Chemistry at UIUC. The main body of each column, which is made with Chemglass GL-18 
screw thread tubing (item no. CG-194-02), has an outer diameter (OD) of 16 mm and is 60 mm 
in length. At one end of each column the glass tapers to Pyrex tubing with an outer diameter of 4 
mm, while the other end contained its manufactured Chemglass screw threads capped with a 
polybutylene teraphthalate hose connector with a silicone rubber seal. Keeping one end wide 
allows for quick and easy column packing and unpacking with HAP pellets. Masterflex Tygon 
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E-LFL pump tubing attached securely to the hose connector and is fed through a Masterflex 
peristaltic pump, which conveys influent solution through the column at precise flow rates. 
Tygon S3 E-3603 flexible tubing was attached at the narrow 4 mm OD outlet of the column and 
was used to direct the effluent flow to a waste container or, when needed, to a Corning 50 mL 
polypropylene (PP) centrifuge tube to collect a sample. 
Each column was able to contain approximately 4 grams of packed HAP pellets. The 
precise mass of HAP pellets was measured for every packed column to 0.0001 grams. In this 
case, packing did not include tamping, since the pellets are too brittle – only light vibration by 
tapping the column rapidly as pellets were added. Pellets filled the column up to the threading. 
To fill the space from the screw threads to the silicone seal on the hose connector so that the 
HAP pellets remained well packed, a 10 mm diameter Pyrex glass rod was cut to the precise 
length of the remaining space within the column and fired to remove surface roughness, thereby 
minimizing potential preferential precipitation sites. 
Once packed, a column was mounted vertically and oriented such that the influent flow 
traveled upward. Influent solution was made immediately prior to the start of an experiment. 
Initially, a “blank” influent that contained the same water quality conditions for the experiment 
except fluoride was conveyed through each FBC for ten minutes. The time required for the 
influent to flow through the column and tubing was recorded. In addition, the residence time of 
water within the HAP pellets was recorded and found to be approximately 80 seconds on average 
at the target flow rate of 4 mL/min. This washout was performed for multiple reasons: (1) to 
tweak the flow rate if it was ±10% off of the targeted flow rate; (2) measure the flow rate by 
mass, rather than volumetrically; (3) fix any leaks; and (4) to wash out loose HAP crystallite 
aggregates on the surface of the pellets, which caused uncharacteristically high initial calcium 
and phosphate concentrations in the effluent. After this ten-minute washout, a 25 mL sample was 
taken; this sample was numbered “0”. Immediately after, the influent was switched from the 
“blank” condition to the experimental condition. Time zero of the FBC experiment began when, 
using the predetermined flow-through time adjusted for any tweaks in flow rate, the experimental 
influent exited the effluent tubing. Sample 1 was taken at time zero. Assuming plug flow 
conditions, it is expected that dispersion would occur at the boundary of the blank influent and 
experimental influent traveling through the FBC, resulting in an initial decrease in fluoride 
concentration. Indeed, samples taken from columns not packed with HAP pellets show an 
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approximate 10% reduction in fluoride concentration for sample 1 due to dispersion. However, 
subsequent samples show a return to the original influent fluoride concentration. Furthermore, 
since the main objective of this work is to compare FBC experiments with various influent 
conditions, such a difference in the fluoride concentration for the first sample does not matter as 
long as the experimental setup remains consistent. 
After sample 1 was taken, nine more 25 mL samples were taken throughout the 36 hour 
experiment at the following times: 15 min, 30 min, 1 hr, 2, hr, 4 hr, 6 hr, 12 hr, 24 hr, and 36 hr. 
Due to the small size of the FBCs and their corresponding low flow rates, a 25 mL sample size is 
necessary in order to acquire all of the desired sample times.  Water quality parameters were 
measured for each effluent sample no more than an hour after it was taken. The times at the 
beginning and at the end of each sample were recorded so that the mean time could be used for 
plotting and analysis purposes. All FBC experiments were triplicated for each experimental 
condition. Two columns would run in parallel during each experiment using the same influent; 
thus, only two experiments were performed for each experimental condition. 
A control column was tested for each condition, whereby under the same experimental 
setup and conditions, a blank column was run – that is, a column devoid of HAP pellets. This 
column would run parallel with a standard FBC during the second experiment. Samples for the 
blank column control were taken at the same times as the standard columns, and all relevant 
water quality parameters were measured for the blank column effluents in order to determine 
whether the column and tubing were affecting any of the measured solutes. No significant 
change in effluent solute concentration with respect to their influent concentrations occurred, 
indicating that the column and tubing do not interfere with the solutes, and that homogeneous 
nucleation of HAP or FAP does not occur. The only exception to this is the fluoride 
concentration measured in sample 1 of each control FBC experiment, which as previously 
mentioned indicates the presence of a concentration gradient due to dispersion at the boundary of 
the blank influent and experimental influent. For this exception, homogeneous nucleation can 
also be ruled out because no similar reduction of other solutes in sample 1 occurred. Data from 
these blank columns were not plotted alongside data of the FBC columns because: (1) the plots 
are simpler; and (2) the blank column data does not relay any significant information. 
Immediately after the last sample was taken at 36 hr, the flow of water through the 
column was reversed to empty itself of water. Once emptied, the column was disassembled, and 
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pellets at the head of the column (where fluoride uptake is highest) were carefully removed so as 
not to break, placed in a glass vial, and dried for 24 hr at 100 °C. These samples were then sealed 
and stored at room temperature to be used for XPS analysis. 
After columns are emptied of used HAP pellets, the glass column and its fittings are 
rinsed in distilled deionized (DDI) water and placed in a solution of 1 mM HCl for 24 hours. 
This allowed for trace amounts of ions that were potentially adsorbed to the glass or plastic 
during the experiment to desorb, or, more likely, the dissolution of minerals loosely attached to 
the reactor walls. The column and its fittings were then rinsed again in DDI water and air-dried. 
They would be reused in subsequent experiments. All tubing used was disposed of after one use. 
New tubing was used for each FBC experiment. 
Chemical Analyses 
The aqueous chemical concentration measurement methods used in this study are all 
approved Standard Methods [124]. Due to the composition of HAP and the various influent 
conditions, the measured water quality parameters for each sample taken from the FBC 
experiments include pH, [F-], alkalinity, [Ca2+], and [PO4]t. Alkalinity was measured for the 
express purpose of determining the concentration of carbonate species. After measuring the pH 
of a sample in the PP centrifuge tube, it was split into smaller volumes fractions for individual 
chemical measurements: 5 mL for total phosphate, 5 mL for calcium, and 10 mL for alkalinity 
and fluoride. Almost always, 5 mL of solution remained unused, although its purpose was to act 
as a backup amount in case there were any mistakes made during a measurement. Typically, if 
this extra amount was utilized it would be for a redo of the total phosphate measurement, since 
the upper limit on the instrument for phosphate is relatively low.  
Measurements for pH were performed using a Fisher Scientific Accumet double junction 
pH electrode with a plastic body (Model 13-620-631). Before the start of each experiment the 
probe was calibrated using the standard pH 4-7-10 calibration buffers (Fisher Scientific). While 
not being used, the tip was stored in the proper pH probe storage solution (Fisher Scientific). At 
the end of each experiment, the probe’s filling solution (4 M KCl standard, Fisher Scientific) and 
its storage solution were both replaced before being stored. Calibration buffer solutions were also 
replaced after each FBC experiment. To measure the pH of a sample, the probe was rinsed 
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thoroughly with Milli-Q water and blotted dry. After the sample was well mixed, the probe was 
placed in the centrifuge tube and allowed to equilibrate.  
Phosphate measurements were performed with a Hach D/890 Colorimeter and using the 
orthophosphate ascorbic acid powder pillow method (see method No. 8048 in the D/890 
procedures manual). This method specifically measures total orthophosphate concentration. 
When mixed thoroughly with the Hach PhosVer3 powder pillow reagent a sample becomes 
molybdenum blue in color with an intensity correlating with the concentration of total 
orthophosphate. The D/890 colorimeter passes light of a unique wavelength through the sample 
vial and measures its transmittance. The sidewalls of the sample vials used were frequently 
checked and wiped clean to minimize measurement error. The method requires 10 mL of sample, 
but to obtain measurements that were consistently within the 2.75 mg-PO4/L maximum 
threshold, 5 mL of sample would be mixed with 5 mL of Milli-Q water. Sample cells were rinsed 
and cleaned thoroughly with Milli-Q water after each measurement. 
Alkalinity measurements were performed by end-point titration. Ten milliliters of sample 
were placed in a small glass beaker and magnetically stirred. After thorough rinsing, the double 
junction pH probe was set in the solution and allowed to equilibrate. The probe tip was well 
immersed, despite the small amount of liquid. After recording this pH (always slightly different 
from the initial pH measurement) small, incremental doses of hydrochloric acid of known 
concentrations were added incrementally until the pH reached 4.50. The amount of acid added 
amounted to < 3% of the sample volume. Despite the small addition, this volume change was 
taken into account when determining the alkalinity value. From there, a simple relationship is 
drawn between the alkalinity and the weak bases in solution (see equation 2.6).  𝐶HCl!". = 𝐴𝑙𝑘.= OH! − H! + HCO!! + 2 CO!!! + H!PO!! + 2 HPO!!! + 3 PO!!!  (2.6) 
In this case, the presence of phosphate was also taken into account. With starting pH values no 
higher than 9 and an endpoint pH of 4.50 Equation 2.6 can be simplified by removing the terms 
accounting for the concentrations of H2PO4-, since this species contributes negligibly to the 
alkalinity. At pH = 4.50, the vast majority of phosphate species will be dihydrogen phosphate. 
Therefore, due to the endpoint pH, the number of protons that will be removed by the HPO42- 
species is one rather than two, and two rather than three for PO43- species. It was assumed that 
the carbonate species are not yet at equilibrium with the atmosphere; the validity of this 
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assumption was verified by measuring the alkalinity of solutions with known total carbonate 
concentrations and using the assumption to calculate and compare the measured to known 
carbonate concentration. Error values were well below 5%. Consequently, all but the carbonate 
species are now known. Equation 2.7 is obtained by rearranging Equation 2.6 and using 
substitution to solve for a single carbonate species. HCO!! = 𝐴𝑙𝑘 + H! − OH! − HPO!!! − 2 PO!!! / 1+ 𝐾!!,CO! H!       (2.7) 
where the carbonate equilibrium constant used (Ka2) can be found in Table 2.2.  
 Fluoride was measured using a Hach ion selective electrode (Model ISEF 12101). It 
contains at its tip a solid-state lanthanum fluoride crystal preferential to fluoride ions and obtains 
fluoride concentrations potentiometrically. The protocol used for fluoride measurements is the 
prescribed powder pillow method by Hach for this probe. It calls for 25 mL of sample per each 
Hach fluoride ionic strength adjustment (ISA) powder pillow. However, there were some 
alterations made. Due to the sample size limitation, 10 mL of sample was used along with 15 mL 
of Milli-Q water. Out of necessity, the 10 mL of sample was obtained from the same sample 
used to measure alkalinity. It should be noted though that this “double-dipping” was possible 
only because no interfering ions were added to the alkalinity measurement; in addition, the 
dilution due to the alkalinity measurement was taken into account when determining the actual 
sample fluoride concentration. After measuring alkalinity, the sample pH was raised from 4.50 to 
above 5.00 by adding a negligible amount of 0.1 M NaOH. The pH must be between 5.00 and 
9.00 in order for the fluoride ISA powder to buffer the sample properly to a pH of 5.5. The ISA 
powder also minimizes interference from calcium complexation with fluoride, common at low 
pH values. The 10 mL volume for alkalinity determination was transferred to a small plastic 
beaker (glass interferes with the probe measurement), diluted, and buffered, all while being 
magnetically stirred. After the probe was rinsed and wiped dry it was set into the sample. 
Bubbles caught under the probe were removed and the probe was allowed to equilibrate with the 
sample before measuring. All beakers used were rinsed thoroughly with Milli-Q water after each 
sample measurement. The fluoride probe used would often drift or become slow at measuring. 
Due to this, it was recalibrated often, especially when it lay idle for more than an hour. Hach 
fluoride standards were used for calibration. The probe was stored dry, as recommended. 
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 Calcium was measured potentiometrically using a Thermo Scientific Orion Ionplus Sure-
Flow calcium electrode (Model 9700 BNWP). A sample volume of 5 mL was added to 0.100 mL 
of 4 M KCl ISA in a small glass beaker and stirred magnetically. Once rinsed thoroughly with 
Milli-Q water and dabbed dry, the probe was lowered into the stirring solution and any lingering 
bubbles were removed from the probe tip before measuring. The glass beaker and magnet were 
rinsed thoroughly with Milli-Q water after each sample measurement. Like the fluoride probe, 
this electrode also drifted often and thus would be recalibrated frequently or if it was not in use 
for more than an hour. For short-term storage, the electrode was placed in a solution containing 
1E-2 M calcium standard. If the probe was not being used for more than 24 hours, the probe was 
disassembled, removing its filling solution (4 M KCl saturated with AgCl, Fisher Scientific) and 
sensing module tip. It was then rinsed thoroughly with Milli-Q water, dried, and reassembled 
with a non-electrode plastic tip. The sensing module tip was stored dry in a separate container. 
To use again, the plastic tip was replaced with the sensing module tip, and the electrode 
replenished with its filling solution. 
2.3 Material Characterization 
X-ray Diffraction (XRD) 
Powder XRD measurements were performed using a Siemens/Bruker D-5000 X-ray 
diffractometer (Cu Kα radiation source). HAP pellets that were powdered using a pestle and 
mortar were scanned between a 2θ	angle	range	of 10° – 90° at a scan rate of 2°/min and 2θ 
increments of 0.02°. Analysis of the X-ray pattern was performed using the Jade software 
(Version 9.0). The International Centre for Diffraction Data (ICDD) database was used for peak 
matching, and the combined Whole Pattern Fitting and Rietveld refinement methods were used 
for identifying phase composition and determining crystallite size. In all analyses, phase ID 
entries having primary status and an indexed quality mark were used. 
Two different powders were analyzed by XRD. The first was untreated HAP, and the 
second was heat-treated HAP at 900°C. Diffraction data for the untreated HAP powder revealed 
a poorly crystalline material. In addition, it was presumed that the HAP powder might contain 
trace amounts of calcium carbonate. Therefore, heat treatment was used in order to see any trace 
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peaks above the background noise and more precisely determine the crystal structure of the HAP 
powder used in this study. 
Surface Area Analysis 
For surface area analysis of HAP pellets, an N2 isotherm at -196°C was measured using a 
Micromeritics Gemini VII 2390 Surface Area Analyzer. The resulting isotherm data was 
analyzed using the Brunauer-Emmett-Teller (BET) method for determination of surface area and 
pore structure information by the Barrett-Joyner-Halenda (BJH) method [125, 126]. Prior to 
analysis, the sample was degassed under < 50 mtorr vacuum at 90°C for 3 hours. Both non-
treated and heat treated (900°C) HAP pellets were analyzed for comparison. 
X-ray Photoelectron Spectroscopy (XPS) 
A Kratos Axis Ultra was the instrument used for XPS measurements, whose excitation 
source is incident monochromatic Al Kα (source energy = 1486.6 eV). The X-ray incident angle 
is 54°. The entire sample holder was floated during measurements, that is, it was isolated 
electrically, which for the HAP samples is sufficient enough to minimize surface charging effects 
on an accurate measurement. Both survey spectra and F 1s, Cl 2p, O 1s, C 1s, P 2p, and Ca 2p 
core level spectra were collected, although Cl 1s core level spectra were not measured for the 
heat treated and cross sectional samples. Additionally, F 1s core level spectra were not collected 
for the heat-treated HAP samples. All core level spectra were averaged over 5 scans.  
Binding energy scales were referenced to C 1s = 284.8. Background fitting was 
performed using the Shirley’s background subtraction method. Data was analyzed and quantified 
with Casa XPS software (Version 2.3.14), using their region, component, and peak fitting 
definitions. Kratos Analytical provided the sensitivity factors. To see the spectra obtained, see 
Appendix A.2. 
XPS is a highly sensitive surface characterization technique. It probes depths < 5 nm for 
their relative composition. A number of HAP pellet samples were analyzed in this instrument in 
order to detect analytically the uptake of fluoride on the pellet surface with respect to influent 
fluoride concentration in a FBC reactor system. In addition to that, a quantitative compositional 
analysis of the pellet surface was also conducted. Pellets analyzed include those treated in 
conditions 1-4 (see Table 2.1) as well as pellets that underwent no treatment. In addition, it 
interested the author to analyze the composition of a pellet heat treated at 900°C to compare XPS 
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composition analysis with the same HAP analyzed using XRD. Finally, the cross sections of 
HAP pellets treated in conditions 2-4 were also analyzed in order to detect if fluoride adsorption 
penetrated the pellet core. To avoid any surface contamination from the outer pellet surface to 
the core surface, the author meticulously split individual pellets in half using tweezers, rather 
than cutting through pellets with a knife. These pellets were then mounted in a manner such that 
the cross sectional face was directed towards the x-ray beam. Three pellets were analyzed for 
each condition. Individual HAP pellet samples were mounted on a small cut piece of silicon 
wafer using silver paint as an adhesive. After allowing sufficient time for the paint to dry, a 
wafer was then mounted on the sample holder using double-sided copper tape. 
If a pellet is the shape of a cylinder with radius R, r is the measured distance from the 
center axis. Theoretically, the amount of fluoride adsorbed by the HAP crystallites decreases as 
the crystallite location decreases along r, assuming that water can diffuse through the pores of the 
pellet. The analysis area is rectangular in shape of 0.3 by 0.7 mm. Having centered the cross 
section samples as best as possible, the instrument is able to measure the core composition well 
within the approximately 1 mm radius of the HAP pellets. The measurement of the element 
composition of the cross section samples is an average over the area. Any amount of fluoride 




Chapter 3: Results and Discussion 
3.1 Material Characterization 
XRD Analysis  
The non-treated HAP, shown in Figure 3.1, is poorly crystalline and its diffraction pattern 
matches that of other research where HAP was produced via low-temperature precipitation, as 
well as the diffraction pattern typically seen of virgin bone and bone charred at temperatures ≤ 
500°C [55, 56, 103, 127]. Recall that poor crystallinity is a result of coupled substitutions and 
lattice defects. Thus, a high surface area should also be seen. Despite it’s poor crystallinity, the 
characteristic peaks match well with ICDD card 04-011-9308. Rietveld refinement gives a 
crystallite grain size of 101 nm. 
 
Figure 3.1 X-ray diffraction pattern of non-treated and heat-treated HAP 
There is a distinct improvement in the crystallinity of HAP powder treated at 900°C as 
revealed by the sharpness and intensity of the peaks compared with non-treated HAP. Again, 
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ICDD card 04-011-9308 matches well. Crystallite grain size also changes significantly, 
increasing to 551 nm in size. Increase in HAP crystallite size to > 200 nm due to heating at 
900°C has been shown to occur and has been well described [128-130]. In addition to causing 
grain growth, crystal defects disappear as a result of the annealing process. Consequently, a 
decrease in the BET surface area compared to non-treated HAP is expected.  
Calcination above 700°C induces thermal decomposition of calcium carbonate, leaving 
CaO. The major diffraction peak of CaO (ICDD card 04-002-6758) is visible now that 
background scattering is minimized, revealing that trace levels of CaCO3 appear to exist in the 
HAP pellets used in this study. This has been seen in heat treatment of bone char as well [129]. 
Averaged over two diffraction measurements, whole pattern fitting and Rietveld refinement 
methods as part of the Jade software calculated the composition as follows: HAP = 98.85% wt., 
CaO = 1.15% wt.  
Surface Area Analysis 
Table 3.1 shows the results of the surface area analysis of non-treated HAP pellets and 
heat-treated pellets at 900°C. The BET surface area of non-treated HAP is comparable to that of 
bone char as well as synthetic HAP in the literature [66, 68, 96]. There is a significant decrease 
in surface area after heat treatment as it was expected.  
Table 3.1 BET Surface Area and BJH Pore Information Results 
Sample	 BET	Surface	Area	 BJH	Cumulative	Pore	Vol.	 BJH	Avg.	Pore	Diameter	
-	 m2/g	 cm3/g	 Å	
Non-treated	HAP	 77.5	 0.207	 49.4	
HAP,	900	Deg.	C	 10.1	 0.0141	 24.2	
 
 In addition, the pore volume after heat-treatment is significantly lower. The decrease of 
pore volume is on the same order of magnitude of the decrease in surface area, suggesting 
significant decrease of intraparticle pore space. Raspanti et al. described this pore space in bone 
as its ultrastructure; Scanning Electron Microscopy (SEM) images in his work show precisely 
that the rearrangement and growth of crystals is the cause of intraparticle pore space decrease 
[131]. To gain further insight on which pores are disappearing, the pore volume distribution for 
both samples are plotted as dV/dD (cm3/g-Å) against incremental average pore sizes (Å) in 
Figure 3.2. For simplicity, dV/dD is labeled as dPV 
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Figure 3.2 Pore volume distribution and ratio of pore volume distribution for non-treated HAP and heat-
treated HAP at 900°C 
 Here it can be seen that there is a relatively equal distribution of pore sizes below 300 Å 
except for those on the scale of < 10 Å at which point the amount of pores of this size is 
significantly greater. Recall that a HAP unit cell has the dimensions 9.42 x 9.42 x 6.88 Å. It is 
very likely that the high amount of pores in this size range is due to the presence of single crystal 
unit surface and edge vacancies, particularly on surfaces perpendicular to the (0001) basal plane, 
as this would account for vacancies with 9.42 x 6.88 Å edge lengths. An example would be the 
(0110) plane, which is runs parallel with the c-axis [132]. Research has shown that this plane is 
unstable in water, but is important for growth of HAP in biological systems. In other words, 
growth occurs easily in supersaturated conditions at vacancies along this plane [133].  
To the naked eye, the trend for pore size distribution of the heat-treated HAP mirrors that of 
the non-treated HAP. However, when the ratio of dPVHAP_0/dPVHAP_900 is plotted along the 
incremental average pore diameter, it is clear that the destruction of pores roughly > 100 Å is 
much more significant than pores of smaller sizes. The exception to that is pores in the range of 
roughly 6 < d < 10 Å, again, pores that are consistent with a surface or edge vacancy of a single 
HAP crystal unit at the a-c or b-c plane – an indication that many of the once open surface or 
edge vacancies were filled as the crystallites grew during heating. Destruction of the pores with 
sizes > 100 Å might be indicative of the destruction of the HAP pellet ultrastructure. 
Pore Volume Information for non-treated and heat-treated HAP
Average Pore Diameter (Angstroms)





































Pore volume distribution for non-treated and heat-treated HAP
Average Pore Diameter (Angstroms)








































The XPS results are semiquantitative in that they only measure relative quantities of 
elemental composition. However, this is still useful in determining the composition of the 
apatite. Taking into consideration the amount of calcium carbonate that exists in the bulk of the 
material and neglecting the trace amount of chloride measured, the following carbonate-rich 
apatite (CHAP) composition was obtained: Ca10(PO4)5.40(CO3)1.00(OH)1.80. The objective of the 
quantification was to include carbonate in order to account for the excess calcium to phosphate 
ratio observed in the results. When calcium carbonate is included in the material at the fraction 
that it was measured by XRD, the composition becomes Ca10.12(PO4)5.40(CO3)1.12(OH)1.80. By 
atomic percent, the carbonate that comes from the calcium carbonate solids is 10% of the total 
carbonate present in the material, and the amount of calcium is 1% of the total calcium present. 
Table 3.2 displays the elemental ratios that resulted from the XPS measurements for non-treated 
HAP, the ratios of the material composition when CaCO3 is included, and the ratios of the CHAP 
composition only in comparison with stoichiometric HAP. Note that XPS cannot detect 
hydrogen, which is why it is not included here. 
Table 3.2 Elemental ratios measured by XPS, and of the calculated material with(out) CaCO3 
		 HAP	 Measured	Ratio	 Material	Ratio	 CHAP	Ratio	
Ca/P	 1.667	 1.875	 1.876	 1.852	
Ca/O	 0.385	 0.301	 0.378	 0.379	
Ca/C	 -	 4.282	 9.049	 10.000	
 
According to this comparison, there is still a significant amount of carbon and oxygen 
that is unaccounted for. One idea is that this discrepancy can be resolved by assuming carbon 
dioxide is somehow adsorbed to the surface as contamination, although even this does not make 
up all of the extra oxygen. Another idea is that the remaining carbon can be attributed to surface 
contamination, while the oxygen is present in the form of water.  
A brief discussion of the carbon measurement and quantification is needed to explain 
why the second option is more likely the culprit for the discrepancy. Figure 3.3 depicts a typical 
carbon core level spectrum that was measured by XPS. In this case, the example belongs to 
sample 36_8a, a pellet originating from a FBC experiment in condition 3. To see all of the core 
level spectra, refer to Appendix A.2.  
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Figure 3.3 C 1s core level spectrum of sample 36_8a with components 
Tanizawa observed XPS carbon core level spectra of calcium carbonate, carbonate-rich 
HAP, and phase pure HAP [134]. The results showed a strong double peak at eV ~ 285 and 290 
for carbonate, while the peak near 290 decreased to nothing as the carbonate content of HAP 
decreased. XPS is advantageous for its ability to distinguish between chemical bonding states 
due to shifts in photoelectron peaks [135]. For the carbon core level spectra in this work, care 
was taken to separate the data into components of those attributed to surface contamination 
(which is always present in XPS spectra) and those within the HAP material. It was suspected 
that, due to the HAP synthesis conditions, carbonate might be present in the precipitate as either 
calcium carbonate or as inclusions within the HAP crystallites. Using the Handbook of X-ray 
Photoelectron Spectroscopy, it was found that an emission peak for carbon within a carbonate 
species occurs at binding energies of  ≈ 289.5 eV, while carbon attributed to surface 
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contamination occurs within the range of 284.5 – 289 eV [135]. In many of the carbonate 
component peaks, there is a slight shift towards the peaks attributed to surface contamination. 
Therefore, some of the attributed to the carbonate component might belong to a carbon of a 
different bonding state that is difficult to distinguish due to its proximity to that of a carbonate 
bonding state. 
Next, Tables 3.3 and 3.4 are tabulated to show the surface composition and core 
composition of the HAP pellets treated at various influent fluoride concentrations. While no 
other element displays a particular trend with increasing influent fluoride concentration, the 
percent composition of fluoride at the surface as well as within the core do increase.  










Ca	 19.64%	 19.53%	 19.79%	
O	 64.05%	 64.18%	 63.52%	
P	 11.27%	 10.88%	 10.99%	
C	 4.00%	 4.05%	 4.09%	
F	 1.04%	±	0.08%	 1.36%	±	0.08%	 1.61%	±	0.12%	
 
What is more, fluoride concentration in the pellet core is roughly half that of the 
concentration of fluoride at the pellet surface, indicating that the aqueous environment does have 
the ability to diffuse into the intraparticle pore space. This presents firm proof that the diffusion 
phenomenon occurs in the HAP pellets in this study, and therefore it is likely that the same 
phenomenon occurs within bone char particles. 
Table 3.4 Percent composition of pellet core after treatment with increasing fluoride 
		 Element	 Condition	2	Core	 Condition	3	Core	 Condition	4	Core	
Atomic	
Composition	
Ca	 19.27%	 19.93%	 19.58%	
O	 63.89%	 62.73%	 62.85%	
P	 11.04%	 11.88%	 11.69%	
C	 5.17%	 4.70%	 4.77%	
F	 0.63%	±	0.08%	 0.77%	±	0.08%	 1.10%	±	0.03%	
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3.2 HAP Behavior and Performance in Fixed-bed Columns 
Fluoride Breakthrough Behavior 
The first plot shown (Figure 3.4) depicts normalized fluoride breakthrough curves. In 
order to see what is happening at the beginning of breakthrough, where effluent fluoride 
concentration is changing most rapidly, a break was placed in the plot. One data point at around 
6000 mL is consequently cut out of each plot, but no observations will be lacking without it.  
Notice that breakthrough occurs almost immediately no matter what the influent 
concentration is. Fluoride effluent concentrations in the conditions with [F]in = 4E-4 M and 1E-3 
M exceed the World Health Organization’s maximum recommended level of 7.5E-5 M before 
the second sample is taken, or roughly ten pore volumes. Before the reader throws a fit that he or 
she has been duped into thinking HAP was a great defluoridation technology and now believes 
that it is not, take these results with a grain of salt. Recall that the residence time of water in 
these FBCs are on average 1 minute and 20 seconds and that the kinetics of HAP defluoridation 
takes on the order of hours to reach relative equilibrium. Increasing residence time in the FBC 
reactor used in this study by slowing flow rate or increasing bed depth would certainly result in a 
fluoride breakthrough curve that resembles an S shape typically seen in FBC reactors [136-138]. 
But the goal of this study is not particularly focused on achieving that, as it was stated in section 
1.3. The author is seeking to understand mechanistic details of HAP defluoridation. Having a 
low residence time will not affect that aim. 
It is notable that even after 36 hours of running fluoridated water through the column, 
amounting to more than 1000 pore volumes, fluoride is still being removed in all of the columns. 
These results are more akin to the kinetic behavior of bone char, an indication that there is 
probably slow intraparticle diffusion occurring. Results from the XPS analysis supports this. 
Initially, a high amount of fluoride can be adsorbed by the HAP pellet because its outer surface is 
available and unreacted. But as these surface sites are consumed the reaction rate slows down. 
Diffusion into the pore space and subsequent fluoride removal at sites within these pores 




Figure 3.4 Fluoride effluent for various [F]in 
The fluoride adsorption capacity (q) can be calculated from fluoride breakthrough curves. 
Using the trapezoidal rule, the capacity is calculated by stepwise integration of the difference 
between the influent fluoride concentration and the effluent fluoride concentration normalized to 
the mass of HAP in each column. In this way, the cumulative defluoridation capacity can be seen 
over time. Figure 3.5 shows these trends for the different influent fluoride concentrations. These 
capacity curves prove useful for comparing defluoridation behavior of HAP in different influent 
conditions. These curves as well as the fluoride breakthrough curves in Figure 3.4 support that 
the fluoride removal rate is initially high and slows down over time. The capacity curves develop 
an almost linear slope after a while, as though the FBC reactors are exhibiting a pseudo steady 
state condition. These slopes increase with increasing influent fluoride concentration, so the 
capacity curves diverge from one another. 
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Figure 3.5 Defluoridation capacity for various [F]in 
The calculated final amount of fluoride adsorbed in moles for each influent condition was 
used in determining the fraction of the theoretical capacity that was exhausted. In other words, if 
every hydroxide in the crystal lattices were able to exchange with fluoride, what fraction of sites 
is used. In addition, using the data from Jarlbring’s [69] and Perrone’s [82] work suggesting an 
approximate 3.0 surface hydroxyl reaction sites per square nanometer (or 6.0 considering the 
second ion in the same c-channel in a crystal unit), the amount of exhausted surface sites were 
also calculated and shown in Table 3.5. The total capacity and surface capacities were both 
calculated using the CHAP stoichiometry as determined earlier. For instance, the amount of 
surface sites used in the actual calculations was 2.7 and 5.4 (n = 1, 2) sites/nm2, since there are 
0.9 hydroxides per mole of CHAP rather than 1.0 for a pure HAP. The results indicate that, at 
best, isomorphic substitution of F- ions only occurs with one hydroxide in a crystal unit 
containing two, supporting de Leeuw’s computational results that F- and OH- interact with each 
other within their unit crystal and create more stability than a crystal unit with two fluoride ions 
[60]. Another important observation is that the theoretical capacity that is exhausted is low. This 
presents an opportunity to improve aspects about HAP so that more of the capacity can be 
exhausted. For instance, if the crystallite size of HAP were decreased, resulting in a higher 
surface area product, then there ought to be a correlating increase in available surface sites. 
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Table 3.5 Fraction of Molar Capacity and Surface Sites Exhausted 
[F]in	 Capacity	Exhausted	 Sites	Exhausted	(n=1)	 Sites	Exhausted	(n=2)	
1E-4	M	F	 6.24%	±	0.19%	 32.2%	±	1.01%	 16.1%	±	0.50%	
4E-4	M	F	 10.92%	±	1.43%	 56.36%	±	7.37%	 28.18%	±	3.68%	
1E-3	M	F	 18.82%	±	0.86%	 97.12%	±	4.44%	 48.56%	±	2.22%	
 
For the range of influent fluoride concentrations investigated, the relationship between 
the influent concentration and total capacity exhausted is found to be linear: Y = 0.0069X + 
0.056 (R2 = 0.9981). The intercept for this linear relationship is not at 0 as one might expect. 
Perhaps this implies that at low concentrations isomorphic substitution of OH- surface ions for 
aqueous F- ions is so favorable that uptake is not inhibited at concentrations < 1E-4 M F, which 
is a phenomenon the Langmuir adsorption isotherm implies. 
There is one more phenomenon related to defluoridation that requires consideration (see 
Figure 3.6). After careful observation it was found that if the x-axis of the fluoride breakthrough 
curves is normalized by the molar amount of fluoride passing through the FBCs,    
 
Figure 3.6 Fluoride effluent for various [F]in normalized to the mass of F entered into column 
that is, the molar influent concentration multiplied by the volume of water passed through, then 
there is no significant difference between the fluoride breakthrough curves with respect to its 
influent fluoride concentration. This is significant in that it shows that the uptake of fluoride into 
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HAP is not controlled by reaction kinetics, but rather by mass transport. This evidence supports 
the notion that mass transfer into the pore spaces of the HAP pellets is significant in the process 
of fluoride removal by bone char and HAP pellets in FBCs. 
Effects of Fluoride 
The effects of pH, and fluoride, carbonate, phosphate and calcium concentrations on 
HAP chemistry and defluoridation performance are shown using effluent concentration plots, 
capacity curves, and effluent solubility plots. When changing influent conditions have no 
significant effect on the chemistry or performance of HAP defluoridation, their plots are placed 
in the following section (3.3 Additional Figures). 
First, effluent pH is dependent on the influent fluoride concentration (Figure 3.7). As the 
fluoride concentration increases, the effluent pH increases. The pH values tend to converge by 
the end of the experiments. Hydroxide, carbonate, and phosphate are the three ions in the HAP 
pellets that could contribute to this rise in pH once released into solution.  
 
Figure 3.7 Effluent pH behavior for various influent fluoride concentrations 
Effluent phosphate concentrations are largely unaffected by changes in influent fluoride 
concentration and thus an interdependence can be ruled out (See Figure 3.24 in section 3.3). 
Carbonate release is affected as Figure 3.8 shows and its behavior follows a pattern that 
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correlates well with the pH behavior. Effluent carbonate both increases as influent fluoride 
concentration increases and tends to converge by the end of the experiments. Furthermore, the 
levels at which it is released could contribute significantly to the levels at which the pH is raised. 
Of course, the contribution that the release of hydroxide ions when substituting with F- should 
not be forgotten, and it is likely that both play a significant role.  
 
Figure 3.8 Effect of fluoride influent concentration on carbonate released from HAP 
At least one other thing can be inferred by this information: the release pattern of 
carbonate with increasing fluoride concentration suggests that some of its incorporation into the 
HAP crystal lattice is as a substitute for OH- ions. In other words, a significant part of the CHAP 
in the pellets exist as A-type carbonated HAP where carbonate occupies the site in the c-axis 
channel that hydroxide typically does.  
Figure 3.9 shows that the influent fluoride concentration has a relatively strong effect on 
the effluent calcium concentration, which supports past research that isomorphic substitution of 
F- with OH- at the HAP surface helps stabilize the apatite crystal and retain calcium [66, 98].  
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Figure 3.9 Calcium released for various influent fluoride concentrations 
Figure 3.10 is a plot of the saturation indices of HAP and FAP calculated from the 
effluent FBC concentrations. Both FAP and HAP are supersaturated in the effluent throughout 
the experiments. Supersaturation of FAP is naturally greater than HAP, even initially when 
fluoride concentrations are at their lowest. Both follow a somewhat negative linear trend; 
log(SHAP) begins at approximately 0.4 and ends up near or below 0.2; FAP begins at 0.8 and 
declines to 0.6.  
This trend occurs independent from the influent fluoride concentration. It is also seen in 
all of the conditions concerning changing influent pH and influent total carbonate concentration, 
which is why they have been placed in Section 3.3.  
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Figure 3.10 FAP and HAP saturation indices for FBCs at various influent fluoride concentrations 
Effects of pH 
Contrary to other research that has shown the enhancement of HAP’s fluoride removal 
capacity with decreasing pH [68, 96], the results from the FBC experiments in this study showed 
no significant difference and the fluoride breakthrough and removal capacity curves are located 
in Section 3.3. However, this is not surprising because despite having influent pH’s ranging from 
7 to 9, there is no way to control it as water passes through the FBC. As other researchers have 
seen, if left uncontrolled HAP will raise the pH when below a pH = 7 or 8 and lower the pH 
when above 8 due to its weak basicity [66, 96]. This in fact did occur (see Figure 3.11) 
Given a sufficient buffering capacity the pH of an influent water may be able to remain 
stable at lower pH values, in which case HAP may exhibit enhanced capacity for fluoride 
removal. 
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Figure 3.11 Effect of influent pH on effluent pH for HAP FBCs  
Despite again having little effect on phosphate solubility, the HAP exhibited higher 
calcium solubility with decreasing pH (Figure 3.12).  
 
Figure 3.12 Effect of influent pH on the release of calcium by HAP in FBCs 
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Recall that in the pH domain 2, ranging from pH = 6 – 9, the surface complexes are in a 
state of flux. Decreased proton activity and dehydration of calcium with rising pH provides a 
higher stability for it to remain at the crystal surface. This has been shown by Bengtsson, 
Shchukarev [66], with their observation of calcium released in stoichiometric excess to 
phosphate in the neutral pH range with a Ca/P ratio of 25. The ratio decreases quickly towards 1 
as the pH increases past 9. The calcium and phosphate data are in agreement with this to some 
extent in that the Ca/P ratio in the effluent where pHin = 7 is greater than the solid stoichiometric 
ratio much more so than when pHin = 9, although at an initial ratio of 5, not 25. But this is 
probably due to the stabilizing effect of fluoride uptake and the raising of the influent pH to 
nearly 8. No other effects were seen in the chemistry behavior of HAP at different pH conditions. 
At the same time, it is notable that the retention of more calcium at the surface due to increased 
pH does not then translate to higher fluoride uptake. This may have to do with the increased 
activity of hydroxide and therefore its increased role as a competing anion. Or, it may be an 
indication that excess release of calcium with respect to released phosphate does not produce a 
surface layer that is a different phase altogether as many have suggested. Rather the apatite 
structure largely remains and is highly calcium deficient. 
Effects of Carbonate 
The effects of different concentrations of total carbonate in the influent had limited 
effects on nearly all water quality parameters with the exception of phosphate concentration. 
Some researchers have claimed that bicarbonate inhibits defluoridation, but in this study there 
was no observable negative effect on the defluoridation capacity with increasing carbonate 
concentration. However, figure 3.13 shows that an increase in influent carbonate concentration 
resulted in greater release of total phosphate. It is reasonable to assume that carbonate species 
will compete with phosphate surface sites when in excess in solution.  
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Figure 3.13 Amount of total phosphate that HAP releases at various influent total carbonate 
concentrations 
Effects of Calcium and Phosphate 
The presence of increasing calcium and phosphate in solution had the most significant 
effects on the fluoride breakthrough curves. Figures 3.14 and 3.15 depict fluoride breakthrough 
curves in conditions with [PO4]t,in = 1E-5 M (3.14) or [PO4]t,in = 1E-4 M (3.15) as [Ca]in 
increased from 0 M to 2E-5 M to 2E-4 M. Because of the greater number of different conditions 
plotted in the following graphs, their sizes are increased to allow for greater clarity. 
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Figure 3.14 Fluoride breakthrough curves for constant, low concentration of phosphate and increasing 
calcium concentrations 
The three cases in which fluoride removal was significantly enhanced in the FBC 
experiments all involved having [Ca]in = 2E-4 M. In addition, the enhancement became more 
significant as the influent total phosphate concentration increased. In particular, the jump from 
[PO4]t,in = 1E-5 M to [PO4]t,in = 1E-4 M resulted in the most significant enhancement. A look at 
the effluent calcium and phosphate data with respect to their influent concentrations (Figures 
3.16 and 3.17) reveals more about why this is the case.  
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Figure 3.15 Fluoride breakthrough curves for constant, high concentration of phosphate and increasing 
calcium concentrations 
First, notice how the three conditions in which calcium is being adsorbed as a result of 
passing through the column are the conditions for which the influent calcium concentration is 
2E-4 M. Looking back at the calcium effluent curves for varying influent fluoride and pH 
condition (Figures 3.9 and 3.12), the calcium released is on the order of magnitude of 2 – 6E-5 
M for most of the duration of the experiments. Influent calcium concentrations would need to be 
significantly higher in order to reverse the process of calcium release to calcium adsorption. It is 
reasonable to conclude that the excess of calcium ions provides a driving force for calcium 
adsorption, where without this driving force, HAP tends to be calcium deficient at the surface. 
Interestingly, in the condition where [Ca]in = 2E-4 M and [PO4]t,in = 1E-5 M, phosphate is still 
being released  The buildup of calcium at the surface therefore seems to be largely interacting 
with fluoride ions. By contrast, the conditions in which phosphate is being adsorbed (those where 
[PO4]t,in = 1E-4 M) show significantly less defluoridation enhancement. Of course, the condition 
where both [PO4]t,in = 1E-4 M and [Ca]in = 2E-4 M is an exception to this rule. 
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Figure 3.16 Release or adsorption of calcium ions in FBC defluoridation experiments in relation to the 
different influent concentrations of calcium and/or phosphate 
That condition is the only one where significant quantities of calcium and phosphate are 
both being adsorbed. After taking a closer look, it turns out that the ratio is 10:6 calcium to 
phosphate, the same ratio as the composition of hydroxy- and fluorapatite. This is strong 
evidence that either one or the other materials (or perhaps both) are precipitating on the surface 
of the HAP pellets. The blank column for this condition does not indicate the occurrence of 
homogeneous precipitation, so it can therefore be assumed that precipitation of this apatite 
occurs as a direct result of the presence of HAP pellets (the surface provides a lower interfacial 
energy barrier on which precipitation can occur, see Van Cappellen [70]) and that its 
precipitation is the reason for why defluoridation is so enhanced under these conditions.  
From a kinetic standpoint, HAP should exhibit significantly quicker precipitation rates, 
due to its lower thermodynamic stability and higher solubility. It is clear, though, that fluoride is 
removed as a result of whatever it is that is precipitating. With this in mind, the precipitation of 
hydroxyapatite is then followed by isomorphic substitution of OH- in the crystal. The process of 
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precipitation of a kinetically favorable precursor followed by conversion into a more 
thermodynamically stable mineral is known as the Ostwald Step Rule [123]. 
 
 
Figure 3.17 Release or adsorption of phosphate ions in FBC defluoridation experiments in relation to the 
different influent concentrations of calcium and/or phosphate 
The three influent conditions with [Ca]in = 2E-4 M are also the only in which the 
saturation indices are significantly higher, giving a nice correlation with saturation index and 
increasing precipitation. Figures 3.18 and 3.19 show that as the influent phosphate concentration 
increases, the saturation indices also increase for these three high calcium conditions. The 
constant replenishment of calcium and phosphate into these columns keeps the saturation indices 
consistently high throughout the FBC experiment. Furthermore, looking at the adsorption of 
calcium and phosphate, precipitation of FAP and/or HAP does not look like it is declining at all, 
even by the end of the experiment. With such a short residence time in which precipitation is 
occurring significantly, it would be interesting to see the contribution that precipitation could 
make to the fluoride removal capacity if given longer time to react.  
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Figure 3.19 Degree of HAP and FAP saturation for various calcium concentrations and a single, high 
phosphate concentration 
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Figure 3.20 Capacity dynamics 
The capacity curve shown in Figure 3.20 reveals the progression of the breakaway of the 
defluoridation capacities from that of the control for FBC with influents having excess calcium. 
It seems that the breakaway does not begin occurring until 1000 mL of influent have passed 
through. The likely reason is that, although surely precipitation is occurring at all times during 
the experiment, it does not dominate the fluoride uptake initially. But as surface sites on the HAP 
become more depleted, precipitation takes on a greater role in the fluoride removal. This would 
at least explain why the defluoridation capacity curves for FBCs with excess influent calcium 
follow the same trend as the control FBC column (condition 3: pH = 8, [F]in = 4E-4 M, [CO3]t,in 
= 1E-3 M) initially and then diverges over time. By the end of the FBC experiment, the capacity 
reached in the FBC with high influent calcium and phosphate almost reaches the capacity with 
[F]in = 1E-3 M, an indication of how great the significance of calcium-phosphate induced 
precipitation to FAP can be. 
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3.3 Additional Figures 
  
Figure 3.21 Fluoride breakthrough curves for various influent pHs 
 
Figure 3.22 Fluoride breakthrough curve for various influent total carbonate concentrations 
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Figure 3.23 Release of calcium by HAP for various influent total carbonate concentrations 
 
 
Figure 3.24 Release of phosphate by HAP in FBCs for various influent fluoride concentrations 
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Figure 3.26 Release of carbonate by HAP in FBCs with various influent total carbonate concentrations 
 
Phosphate released for various [F]in
Volume (mL)


















[F]in = 0 M
[F]in = 1E-4 M
[F]in = 4E-4 M 
[F]in = 1E-3 M 
Phosphate released for various pHin
Volume (mL)


















pHin = 7 
pHin = 8
pHin = 9 
Carbonate released for various [CO3]in
Volume (mL)














4.0e-4 [CO3]in = 1E-4 M 
[CO3]in = 1E-3 M
[CO3]in = 1E-2 M
Carbonate released for various [Ca]in & [PO4]in
Volume (mL)



















[PO4]in = 1E-5 M 
[PO4]in = 1E-4 M 
[Ca]in = 2E-5 M
[Ca]in = 2E-4 M
[PO4]in = 1E-5 M; [Ca]in = 2E-5 M 
[PO4]in = 1E-5 M; [Ca]in = 2E-4 M
[PO4]in = 1E-4 M; [Ca]in = 2E-5 M 
[PO4]in = 1E-4 M; [Ca]in = 2E-4 M 
 55 
 
Figure 3.27 Release of carbonate by HAP in FBCs with various influent total phosphate and calcium 
concentrations 
 
Figure 3.28 FAP and HAP saturation indices with different influent pH 
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Figure 3.29 FAP and HAP saturation indices for various influent carbonate concentrations 
 
 
Figure 3.30 Cumulative fluoride adsorption capacity for various influent pH 
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Figure 3.31 Cumulative fluoride adsorption capacity for various influent total carbonate concentrations 
 
 
Figure 3.32 Cumulative fluoride adsorption capacity for various influent total carbonate concentrations  
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Chapter 4: Future Research Recommendations 
Changes in influent conditions and their effects on the chemical behavior and 
defluoridation performance of HAP in FBCs are more understood as a result of this study. 
Common water quality parameters at concentrations relevant to natural waters an be largely 
ignored, with the exception of the presence of high calcium and phosphate. The author 
recommends that, now that calcium’s and phosphate’s positive effects have been better 
understood and quantified, a future area of research ought to look into effective ways of 
delivering excess calcium and phosphate to HAP FBC reactors without sacrificing cost or the 
simplicity of the FBC reactor design.   
Another suggestion would be to investigate both the fluoride uptake by heat-treated HAP 
in a FBC, as well as to look at the amount of fluoridation at the pellet surface and its core. The 
author hypothesizes that intraparticle diffusion would not occur due to the closing of the pellet’s 
inner pore space, and that fluoride uptake will occur quickly and to a lesser degree than a non-
heated HAP pellet. This would help provide definitive proof that diffusion occurs and is a 
significant factor in fluoride uptake for a HAP pellet. In addition, surface area and crystallite size 
will also play a role. On the other hand, knowing for sure how much intraparticle diffusion’s role 
is on defluoridation behavior in FBCs, it would also be of great interest to discover ways of 
expanding the intraparticle pore space in HAP pellets, or at least provide greater access to the 
pellet core so as to increase the defluoridation rate capacity of a HAP pellet. 
Finally, HAP production methods can be investigated to understand how they affect 
crystallite size. Optimizing these methods in order to produce crystallites significantly smaller in 







































































































































APPENDIX A. RAW DATA 
A.1 Fixed-bed Column Experiments 
Condition 1: [F]in = 0 M; pH = 8; [CO3]t = 1E-3 M 
Table A.1 Raw data for condition 1, experiment 28_0 
 




Table A.2 Raw data for condition 1, experiment 34_0 
 







- hours min sec hours min sec
0 0 -9 -9 0 -2 -52
1 0 0 0 0 6 10
2 0 15 10 0 21 23
3 0 30 0 0 36 12
4 1 0 0 1 6 10
5 2 0 35 2 6 43
6 4 1 5 4 7 10
7 6 0 0 6 6 8
8 12 0 0 12 6 11
9 24 0 0 24 6 10
10 36 6 0 36 12 17
IN 0 -20 -39 - - -







pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.06 0.186 10.72 0 8.07 280 15 295
8.02 0.162 2.56 0 8.15 263 0 262
8.14 0.139 2.36 0 8.04 250 20 252
8.21 0.125 2 0 8.18 240 80 248
8.45 0.107 2.14 0 8.16 240 0 238
8.43 0.0862 2.14 0 8.2 230 40 234
8.52 0.0727 2.5 0 8.4 228 40 232
8.43 0.0616 2.12 0 8.39 226 10 227
8.48 0.0549 2.2 0 8.34 225 20 227
8.42 0.0517 2.26 0 8.36 225 20 227
8.44 0.0513 2.06 0 8.4 223 0 223
7.96 0 0 0 7.98 210 0 206
7.96 0 0 0 7.98 210 0 206
Alkalinity
 70 
Table A.3 Raw data for condition 1, experiment 35_0 
 







- hours min sec hours min sec
0 0 -9 -12 0 -2 -55
1 0 0 0 0 6 10
2 0 15 10 0 21 23
3 0 30 0 0 36 12
4 1 0 0 1 6 10
5 2 0 35 2 6 43
6 4 1 5 4 7 10
7 6 0 0 6 6 5
8 12 0 0 12 6 8
9 24 0 0 24 6 10
10 36 6 0 36 12 17
IN 0 -20 -42 - - -







pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.09 0.188 3.04 0 8.08 275 40 279
8.08 0.167 2.32 0 8.04 262 0 262
8.28 0.144 2.3 0 8.05 250 20 252
8.26 0.13 2.44 0 8.13 245 10 247
8.32 0.11 2.22 0 8.29 240 0 239
8.5 0.0903 1.94 0 8.24 235 0 235
8.6 0.0752 2.78 0 8.39 230 0 230
8.44 0.0654 2.14 0 8.4 225 0 225
8.49 0.0584 2.42 0 8.44 225 30 228
8.56 0.053 2.04 0 8.47 222 40 226
8.49 0.0532 2.18 0 8.48 224 0 223
7.96 0 0 0 7.98 210 0 206
7.96 0 0 0 7.98 210 0 206
Alkalinity
 71 
Table A.4 Raw data for condition 1, experiment 29_0Blank 
 







- hours min sec hours min sec
0 0 -9 -8 0 -2 -50
1 0 0 0 0 6 14
2 0 15 0 0 21 16
3 0 31 30 0 37 49
4 1 0 10 1 6 24
5 2 0 0 2 6 15
6 4 1 45 4 7 55
7 6 0 10 6 6 22
8 12 0 30 12 6 45
9 24 0 0 24 6 14
10 37 23 30 37 29 41
IN 0 -19 -8 - - -





pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.13 0 0 0 8.07 216 0 217
8.17 0 0 0 8.18 217 0 217
8.27 0 0 0 8.14 217 0 217
8.23 0 0 0 8.13 216 0 215
8.42 0 0 0 8.11 216 0 215
8.24 0 0 0 8.15 217 0 216
8.27 0 0 0 8.2 216 0 216
8.12 0 0 0 8.13 210 0 208
8.1 0 0 0 8.19 209 0 208
8.18 0 0 0 8.2 209 60 215
8.18 0 0 0 8.19 215 0 214
8.12 0 0 0 8.04 215 30 217
8.12 0 0 0 8.04 215 30 217
Alkalinity
 72 
Condition 2: [F]in = 1E-4 M; pH = 8; [CO3]t = 1E-3 M 
Table A.5 Raw data for condition 2, experiment 30_2 
 







- hours min sec hours min sec
0 0 -8 -56 0 -2 -37
1 0 0 0 0 6 14
2 0 15 0 0 21 12
3 0 30 0 0 36 10
4 1 0 30 1 6 39
5 2 0 0 2 6 8
6 4 0 0 4 6 3
7 6 0 0 6 6 3
8 12 0 0 12 6 10
9 24 0 0 24 6 7
10 36 0 0 36 6 5
IN 0 -18 -56 - - -







Table A.6 Raw data for condition 2, experiment 31_2 
 









- hours min sec hours min sec
0 0 -8 -53 0 -2 -34
1 0 0 0 0 6 14
2 0 15 0 0 21 12
3 0 30 0 0 36 8
4 1 0 30 1 6 35
5 2 0 0 2 6 8
6 4 0 0 4 6 8
7 6 0 0 6 6 8
8 12 0 0 12 6 17
9 24 0 0 24 6 9
10 36 0 0 36 6 17
IN 0 -18 -53 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.1 0.162 4.7 0 7.98 275 0 273
8.17 0.104 3 0.06175 8.05 250 90 260
8.35 0.0842 2.22 0.21525 8.21 245 90 254
8.4 0.0752 1.98 0.31625 8.23 245 40 249
8.48 0.0617 2.24 0.4575 8.27 244 20 246
8.57 0.0536 2.02 0.65625 8.37 242 10 243
8.64 0.05 5.08 0.84375 8.44 238 80 246
8.36 0.0402 2.62 0.97625 8.21 240 0 235
8.68 0.0354 2.84 1.0725 8.02 230 40 235
8.68 0.0357 1.7 1.57875 8.49 235 0 229
8.63 0.032 1.52 1.6825 8.5 227 0 228
8.02 0 0 2.11 8.08 205 60 211
8.04 0 0 0 8.01 210 0 206
Alkalinity
 74 
Table A.7 Raw data for condition 2, experiment 32_2 
 









- hours min sec hours min sec
0 0 -8 -27 0 -2 -19
1 0 0 0 0 5 59
2 0 15 0 0 21 7
3 0 30 0 0 36 13
4 1 0 0 1 6 13
5 2 0 30 2 6 38
6 4 5 30 4 11 33
7 6 0 0 6 6 7
8 12 0 0 12 6 13
9 24 0 0 24 6 10
10 36 0 0 36 6 6
IN 0 -18 -27 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.07 0.138 3.56 0 7.97 259 20 261
8.28 0.106 3.56 0.157625 7.99 260 40 264
8.23 0.0863 2.28 0.30875 8.01 250 0 245
8.26 0.0764 2 0.40875 8.07 235 40 239
8.37 0.0633 1.66 0.54875 8.25 242 0 242
8.41 0.0512 2 0.7425 8.36 230 80 238
8.37 0.0428 1.86 0.99375 8.28 225 90 234
8.52 0.0408 1.82 1.11125 8.45 230 10 231
8.49 0.0359 1.98 1.31125 8.41 225 20 227
8.43 0.0328 1.46 1.495 8.39 223 40 227
8.47 0.0307 1.54 1.49625 8.26 225 0 223
7.93 0 0 2.08 7.88 208 0 208
7.92 0 0 0 7.97 210 0 210
Alkalinity
 75 
Table A.8 Raw data for condition 2, experiment 33_2Blank 
 









- hours min sec hours min sec
0 0 -8 -50 0 -2 -47
1 0 0 0 0 5 59
2 0 15 0 0 21 0
3 0 30 0 0 36 6
4 1 0 0 1 6 7
5 2 0 30 2 6 36
6 4 5 30 4 11 33
7 6 0 0 6 6 0
8 12 0 0 12 6 13
9 24 0 0 24 6 10
10 36 0 0 36 6 8
IN 0 -18 -50 - - -





pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.91 0 0 0 7.97 208 0 208
7.89 0 0 1.83875 7.97 208 0 208
7.98 0 0 1.9225 7.82 207 0 207
7.94 0 0 1.93 7.92 208 0 208
7.92 0 0 2.03875 7.92 208 0 208
7.88 0 0 1.9375 7.94 208 0 206
7.96 0 0 1.96875 8 208 0 208
7.91 0 0 2.04 8 208 0 207
7.91 0 0 2.05875 7.92 208 0 207
7.87 0 0 2.10625 7.95 206 0 205
7.92 0 0 2.02375 7.88 206 0 205
7.93 0 0 2.08 7.88 208 0 208
7.92 0 0 0 7.97 210 0 210
Alkalinity
 76 
Condition 3: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M 
Table A.9 Raw data for condition 3, experiment 36_8 
 







- hours min sec hours min sec
0 0 -9 -34 0 -3 -25
1 0 0 0 0 6 4
2 0 15 0 0 21 4
3 0 30 0 0 36 2
4 1 0 0 1 5 59
5 2 0 0 2 5 59
6 4 0 0 4 6 0
7 6 0 0 6 6 3
8 12 0 0 12 6 1
9 24 2 15 24 8 17
10 36 1 30 36 7 35
IN 0 -19 -34 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.11 0.147 3.22 0 8.05 250 130 263
8.15 0.0959 2.36 0.97 8.14 275 0 275
8.41 0.0607 2.2 2.0225 8.3 260 10 261
8.52 0.0504 2.66 2.48 8.25 259 20 261
8.68 0.0397 2.28 3.1625 8.42 255 0 253
8.72 0.0282 2.94 3.9125 8.61 250 10 251
8.72 0.0271 1.84 4.85 8.42 245 20 247
8.83 0.0249 1.74 5.1375 8.55 242 0 241
8.84 0.0235 1.52 6.1375 8.55 235 0 235
8.71 0.0228 1.38 6.7 8.55 229 20 231
8.54 0.0208 1.36 7.4 8.43 225 0 225
8.01 0 0 7.40 8.09 205 60 211
7.98 0 0 0 7.95 200 50 205
Alkalinity
 77 
Table A.10 Raw data for condition 3, experiment 37_8 
 









- hours min sec hours min sec
0 0 -9 -49 0 -3 -32
1 0 0 0 0 6 12
2 0 15 0 0 21 15
3 0 30 0 0 36 14
4 1 0 0 1 6 10
5 2 0 0 2 6 11
6 4 0 0 4 6 11
7 6 0 0 6 6 14
8 12 0 0 12 6 16
9 24 2 5 24 8 28
10 36 1 30 36 7 51
IN 0 -19 -49 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.18 0.154 2.38 0 8.17 264 0 264
8.19 0.102 2.62 0.5675 8.2 265 30 268
8.42 0.0622 2.22 1.52 8.31 250 60 256
8.59 0.053 2.5 2.065 8.32 264 10 266
8.66 0.0404 2.02 2.825 8.39 250 70 257
8.75 0.0295 1.88 3.7125 8.5 250 30 253
8.67 0.0287 1.94 4.75 8.47 245 0 245
8.8 0.0262 1.68 5.15 8.78 249 0 245
8.8 0.0249 1.62 5.9875 8.76 240 0 239
8.72 0.0243 1.56 6.5875 8.71 230 30 233
8.65 0.0221 1.4 7.075 8.61 227 0 224
8.01 0 0 7.40 8.09 205 60 211
7.98 0 0 0 7.95 200 50 205
Alkalinity
 78 
Table A.11 Raw data for condition 3, experiment 38_8 
 









- hours min sec hours min sec
0 0 -10 -4 0 -3 -49
1 0 0 0 0 6 1
2 0 15 5 0 21 17
3 0 30 0 0 36 20
4 1 0 0 1 6 16
5 2 0 0 2 6 16
6 4 10 0 4 16 15
7 6 0 0 6 6 16
8 12 5 3 12 11 25
9 24 0 0 24 6 13
10 36 13 30 36 19 53
IN 0 -20 -4 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.08 0.159 2.78 0 8.03 269 30 272
8.17 0.0992 2.24 0.64125 8.15 270 80 278
8.3 0.0656 2.14 1.42375 8.22 262 20 264
8.57 0.0536 2.16 1.89 8.16 261 0 261
8.6 0.0438 3.4 2.525 8.24 250 80 259
8.57 0.0333 2.64 3.4 8.41 255 20 257
8.6 0.0275 2.34 4.2625 8.42 250 0 243
8.7 0.0259 1.74 4.6 8.42 235 50 240
8.69 0.0229 1.64 5.425 8.64 232 40 236
8.67 0.0222 1.44 6.2 8.51 228 20 230
8.59 0.02 1.36 6.6375 8.43 225 20 227
7.87 0 0 7.53 8.09 208 10 209
7.92 0 0 0 7.97 208 0 202
Alkalinity
 79 
Table A.12 Raw data for condition 3, experiment 39_8Blank 
 







- hours min sec hours min sec
0 0 -10 -22 0 -4 -7
1 0 0 0 0 6 0
2 0 15 6 0 21 20
3 0 30 0 0 36 7
4 1 0 0 1 6 16
5 2 0 0 2 6 16
6 4 10 0 4 16 15
7 6 0 0 6 6 16
8 12 5 3 12 11 25
9 24 5 3 24 11 13
10 36 13 30 36 19 53
IN 0 -20 -22 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.98 0 0 0 8.09 202 20 204
7.92 0 0 6.7375 7.93 202 60 208
7.95 0 0 7.4125 7.9 208 0 206
7.97 0 0 7.7 7.93 205 10 206
7.94 0 0 7.3875 7.94 205 20 207
7.93 0 0 7.5625 7.9 206 10 207
7.95 0 0 7.3125 7.91 208 0 207
7.89 0 0 7.225 7.88 207 0 205
7.95 0 0 7.4125 8.04 206 0 206
7.97 0 0 7.5375 8.06 206 0 205
8 0 0 7.725 8.11 206 10 207
7.97 0 0 7.53 8.09 208 10 209
7.92 0 0 0 7.97 208 0 202
Alkalinity
 80 
Condition 4: [F]in = 1E-3 M; pH = 8; [CO3]t = 1E-3 M 
Table A.13 Raw data for condition 4, experiment 40_20 
 








- hours min sec hours min sec
0 0 -9 -54 0 -3 -38
1 0 0 0 0 6 23
2 0 15 10 0 21 36
3 0 30 0 0 36 24
4 1 0 0 1 6 20
5 2 0 0 2 6 18
6 4 2 0 4 8 13
7 6 0 0 6 6 27
8 12 0 0 12 6 28
9 24 0 0 24 6 23
10 36 0 0 36 6 33
IN 0 -19 -54 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.14 0.15 3.2 0 7.98 265 20 267
8.23 0.0595 3.22 2.115 8.25 300 40 304
8.55 0.0278 3.24 5.4 8.42 297 0 297
8.7 0.022 3.14 6.9625 8.45 290 30 293
8.79 0.0179 3.42 9.15 8.62 280 0 279
8.79 0.0155 2.86 11.3375 8.8 268 20 270
8.89 0.0148 2.68 13.675 8.86 250 90 259
8.86 0.0154 2.12 14.2375 8.88 245 100 255
8.72 0.016 1.9 15.8625 8.79 240 40 244
8.66 0.0164 1.92 17.075 8.67 235 10 236
8.62 0.0166 1.44 18.2875 8.48 228 50 233
7.85 0 0 18.75 7.91 205 40 209
7.96 0 0 0 7.87 205 0 201
Alkalinity
 81 
Table A.14 Raw data for condition 4, experiment 41_20 
 










- hours min sec hours min sec
0 0 -9 -3 0 -3 -10
1 0 0 0 0 6 1
2 0 15 0 0 21 10
3 0 30 3 0 36 3
4 1 0 0 1 5 57
5 2 0 0 2 5 58
6 4 2 0 4 7 56
7 6 0 0 6 6 5
8 12 0 0 12 6 5
9 24 0 0 24 6 3
10 36 0 0 36 6 11
IN 0 -19 -3 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.06 0.242 2.62 0 8.08 261 20 263
8.38 0.0569 3.28 2.35875 8.24 285 80 293
8.68 0.0263 3.26 5.8125 8.44 290 50 295
8.69 0.0212 3.12 7.5125 8.52 290 0 289
8.8 0.0174 2.92 9.625 8.58 275 0 275
8.79 0.0163 2.86 11.7 8.71 260 20 262
8.79 0.0157 3.6 14.3125 8.8 250 50 256
8.8 0.0162 2.06 14.625 8.75 244 30 247
8.77 0.0141 2.08 16.35 8.68 240 60 246
8.69 0.0174 1.44 17.7 8.69 240 0 235
8.61 0.0179 1.64 17.9625 8.58 225 20 227
7.85 0 0 18.75 7.91 205 40 209
7.96 0 0 0 7.87 205 0 201
Alkalinity
 82 
Table A.15 Raw data for condition 4, experiment 42_20 
 










- hours min sec hours min sec
0 0 -9 -50 0 -3 -31
1 0 0 0 0 6 16
2 0 15 0 0 21 17
3 0 30 0 0 36 17
4 1 0 0 1 6 11
5 2 0 0 2 6 15
6 4 1 30 4 7 43
7 6 0 0 6 6 18
8 12 0 0 12 6 16
9 24 0 0 24 6 12
10 36 0 0 36 6 16
IN 0 -22 -5 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.13 0.163 4.64 0 8.08 268 0 268
8.43 0.0642 3.44 2.005 8.41 285 50 290
8.69 0.0325 4.84 5.125 8.65 288 90 297
8.8 0.0257 3.8 6.7625 8.71 290 0 283
8.99 0.0218 3.24 8.85 8.84 275 30 278
9.07 0.0189 3.32 11 8.93 265 20 267
8.71 0.0177 3.42 13.8 8.85 250 80 258
9.05 0.0188 6.04 13.525 9.04 260 430 303
8.94 0.0172 1.82 16.225 8.94 240 0 240
8.83 0.0179 1.6 17.425 8.71 230 30 233
8.87 0.0182 1.34 17.525 8.74 227 40 231
7.96 0 0 18.59 8.12 205 30 208
7.92 0 0 0 8.01 200 10 201
Alkalinity
 83 
Table A.16 Raw data for condition 4, Experiment 43_20Blank 
 









- hours min sec hours min sec
0 0 -10 -7 0 -3 -58
1 0 0 0 0 6 18
2 0 15 0 0 21 12
3 0 30 0 0 36 12
4 1 0 0 1 6 9
5 2 0 0 2 6 8
6 4 1 30 4 7 39
7 6 0 0 6 6 12
8 12 0 0 12 6 12
9 24 0 0 24 6 12
10 36 0 0 36 6 16
IN 0 -22 -23 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.13 0 0 0 8.08 208 0 200
7.94 0 0 17.3375 7.94 208 0 207
7.95 0 0 18.7875 8.05 206 10 207
8.08 0 0 18.95 8 206 30 209
8.06 0 0 18.35 8.09 208 0 208
8.01 0 0 18.1875 7.98 208 0 208
7.98 0 0 19.1 8.04 208 20 210
8.03 0 0 19.3625 8.1 208 10 209
8.07 0 0 18.7125 8.15 208 0 208
8.06 0 0 19.1 8.14 207 10 208
8.11 0 0 19.5375 8.09 208 0 208
7.97 0 0 18.59 8.09 208 10 209
7.92 0 0 0 7.97 208 0 202
Alkalinity
 84 
Condition 5: [F]i = 4E-4 M; pH = 9; [CO3]t = 1E-3 M 
Table A.17 Raw data for condition 5, Experiment 48_8 
 







- hours min sec hours min sec
0 0 -9 -55 0 -3 -37
1 0 0 0 0 6 8
2 0 15 15 0 21 18
3 0 30 0 0 36 14
4 1 0 0 1 6 12
5 2 0 10 2 6 20
6 4 0 0 4 6 13
7 6 0 0 6 6 13
8 12 0 10 12 6 20
9 24 3 30 24 9 41
10 36 44 10 36 50 30
IN 0 -20 -10 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.21 0.136 4.76 0 8.09 280 0 281
8.49 0.0765 2.54 0.64375 8.25 280 50 285
8.64 0.0467 2.32 1.575 8.41 275 50 280
8.79 0.0379 2.54 2.09625 8.46 275 10 276
8.85 0.0293 2.14 2.675 8.52 272 20 274
9.05 0.023 2 3.5875 8.7 267 10 268
8.98 0.017 1.92 4.3375 8.86 261 20 263
9.01 0.0167 2.18 5.05 9.01 260 0 260
9.06 0.0164 1.52 5.95 9.01 250 80 258
9.16 0.0161 1.9 6.5375 9.02 250 20 252
8.86 0.0177 1.28 6.7625 8.84 250 60 256
9.02 0 0 7.26 8.73 230 70 237
8.94 0 0 0 8.77 230 0 230
Alkalinity
 85 
Table A.18 Raw data for condition 5, Experiment 49_8 
 









- hours min sec hours min sec
0 0 -9 -32 0 -3 -29
1 0 0 0 0 6 5
2 0 15 15 0 21 14
3 0 30 0 0 36 11
4 1 0 0 1 6 5
5 2 0 10 2 6 16
6 4 0 0 4 6 5
7 6 0 0 6 6 10
8 12 0 10 12 6 20
9 24 3 30 24 9 41
10 36 44 10 36 50 30
IN 0 -19 -47 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.23 0.132 3.68 0 8.14 275 0 274
8.5 0.0732 2.48 0.77875 8.17 276 50 281
8.75 0.0447 2.6 1.825 8.4 274 10 275
8.89 0.0379 2.98 2.29375 8.59 270 70 277
8.83 0.0295 2.06 3.1375 8.58 270 0 270
9.02 0.0232 1.96 3.8625 8.67 263 20 265
8.98 0.0181 2.26 4.7375 8.91 260 30 263
9.03 0.0179 1.66 5 9.06 259 0 259
9.57 0.0191 0.58 5.1375 9.34 250 80 258
9.19 0.0157 1.4 6.0125 9.06 250 50 254
8.9 0.0177 1.2 6.15 8.88 253 10 254
9.02 0 0 7.26 8.73 230 70 237
8.94 0 0 0 8.77 230 0 230
Alkalinity
 86 
Table A.19 Raw data for condition 5, Experiment 50_8 
 









- hours min sec hours min sec
0 0 -9 -34 0 -3 -21
1 0 0 0 0 6 11
2 0 15 5 0 21 16
3 0 30 0 0 36 7
4 1 0 0 1 6 9
5 2 0 0 2 6 5
6 4 0 4 4 6 8
7 6 0 0 6 6 8
8 12 0 10 12 6 22
9 24 0 0 24 6 13
10 36 0 0 36 6 17
IN 0 -24 -19 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.29 0.113 2.76 0 8.2 264 10 265
8.74 0.066 2.3 0.81875 8.54 275 30 278
8.67 0.0425 3.2 1.87875 8.54 275 0 274
8.81 0.0363 2.52 2.375 8.64 272 40 276
8.84 0.03 1.94 3.1875 8.81 270 10 271
8.9 0.0223 1.86 3.8625 8.89 265 0 265
8.94 0.0198 1.78 4.3875 8.98 250 80 258
8.89 0.0177 1.72 4.95 8.9 250 50 255
8.94 0.0177 1.46 5.7625 8.98 250 50 255
8.99 0.0177 1.32 6.2 8.95 250 0 250
8.85 0.0189 1.2 6.8 8.87 250 80 258
8.9 0 0 7.65 8.79 235 0 232
8.96 0 0 0 8.6 232 0 227
Alkalinity
 87 
Table A.20 Raw data for condition 5, Experiment 51_8Blank 
 








- hours min sec hours min sec
0 0 -10 -16 0 -3 -58
1 0 0 0 0 6 13
2 0 15 5 0 21 11
3 0 30 0 0 36 7
4 1 0 0 1 6 9
5 2 0 0 2 6 5
6 4 0 4 4 6 8
7 6 0 0 6 6 5
8 12 0 10 12 6 24
9 24 0 0 24 6 13
10 36 0 0 36 6 20
IN 0 -25 -1 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







9.09 0 0 0 8.8 227 30 230
8.98 0 0 7.575 8.75 230 0 230
8.93 0 0 7 8.77 230 20 232
8.9 0 0 7.3 8.85 230 30 233
8.85 0 0 7.525 8.8 230 10 231
8.84 0 0 7.5375 8.78 230 0 230
8.88 0 0 7.0875 8.84 230 10 231
8.66 0 0 6.8875 8.66 228 20 230
8.72 0 0 7.375 8.72 230 20 232
8.79 0 0 7.4625 8.78 230 30 233
8.54 0 0 7.5625 8.44 230 20 232
8.9 0 0 7.65 8.79 235 0 232
8.96 0 0 0 8.6 232 0 227
Alkalinity
 88 
Condition 6: [F]i = 4E-4 M; pH = 7; [CO3]t = 1E-3 M 
Table A.21 Raw data for condition 6, Experiment 44_8 
 







- hours min sec hours min sec
0 0 -8 -58 0 -2 -53
1 0 0 0 0 6 1
2 0 17 0 0 23 4
3 0 30 0 0 36 6
4 1 0 0 1 6 10
5 2 0 11 2 6 17
6 4 0 0 4 6 5
7 6 0 30 6 6 36
8 12 0 0 12 6 6
9 24 0 0 24 6 6
10 36 0 30 36 6 33
IN 0 -18 -58 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.84 0.202 4.2 0 7.98 255 70 262
7.96 0.138 2.06 0.45125 8.07 245 10 246
8.21 0.0866 3.08 1.39625 8.06 240 0 240
8.22 0.0794 1.86 1.85125 8.03 235 0 235
8.31 0.0649 2.1 2.6 8.09 233 0 230
8.23 0.056 2.14 3.6 8.14 223 0 220
8.3 0.043 2.4 4.4875 8.2 209 0 210
8.38 0.0386 2.4 5.3 8.29 200 40 204
8.11 0.0403 2.06 6.45 8.12 200 0 198
7.9 0.0415 1.7 7.325 8.15 190 40 194
8.02 0.0374 1.74 8.45 8.18 183 50 188
6.97 0 0 8.26 7.78 160 80 168
6.97 0 0 0 7.72 165 0 160
Alkalinity
 89 
Table A.22 Raw data for condition 6, Experiment 45_8 
 









- hours min sec hours min sec
0 0 -8 -46 0 -2 -41
1 0 0 0 0 6 1
2 0 17 0 0 23 4
3 0 30 0 0 36 6
4 1 0 0 1 6 10
5 2 0 11 2 6 17
6 4 0 0 4 6 5
7 6 0 30 6 6 36
8 12 0 0 12 6 8
9 24 0 0 24 6 9
10 36 0 30 36 6 33
IN 0 -18 -46 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.7 0.204 4.3 0 7.9 250 0 244
7.96 0.14 3.6 0.46375 8.02 244 120 256
8.21 0.0883 3.82 1.405 8.08 240 0 238
8.21 0.0796 2.8 1.85625 8.05 230 50 235
8.26 0.0643 1.9 2.675 8.11 226 0 226
8.26 0.055 3.2 3.6125 8.24 222 0 221
8.26 0.046 2.22 4.6 8.26 227 0 227
8.08 0.0473 2.3 4.9 8.18 220 0 219
8.18 0.0435 2.52 6.2875 8.22 200 0 200
8.02 0.0436 1.8 7.025 8.12 190 50 195
8 0.0404 1.78 8.1375 8.17 185 30 188
6.97 0 0 8.26 7.78 160 80 168
6.97 0 0 0 7.72 165 0 160
Alkalinity
 90 
Table A.23 Raw data for condition 6, Experiment 46_8 
 









- hours min sec hours min sec
0 0 -9 -23 0 -3 -25
1 0 0 0 0 6 9
2 0 15 0 0 21 10
3 0 30 0 0 36 10
4 1 0 0 1 6 12
5 2 0 0 2 6 9
6 4 0 0 4 6 3
7 6 1 0 6 7 9
8 12 0 0 12 6 18
9 24 2 0 24 8 9
10 36 0 0 36 6 17
IN 0 -19 -23 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.69 0.196 2.52 0 7.88 235 0 235
7.73 0.133 2 0.71625 7.97 240 40 244
7.9 0.0992 1.92 1.45 8.08 235 20 237
7.96 0.086 1.78 1.84125 8.14 237 0 236
7.99 0.0746 1.86 2.52375 8.01 228 0 225
8 0.0598 1.7 3.2125 8.06 220 0 218
7.96 0.0536 1.68 3.85 8.02 211 30 214
7.98 0.0506 2.32 4.325 8.04 230 10 231
8.03 0.0424 4.4 5.3 8.03 215 20 217
7.88 0.0423 1.68 6.0625 7.97 200 90 209
8.06 0.0384 1.62 6.725 8.08 200 20 202
6.96 0 0 7.85 7.79 160 40 165
7.18 0 0 0 7.43 160 10 161
Alkalinity
 91 
Table A.24 Raw data for condition 6, Experiment 47_8Blank 
 







- hours min sec hours min sec
0 0 -9 -49 0 -3 -43
1 0 0 0 0 6 10
2 0 15 0 0 21 10
3 0 30 0 0 36 10
4 1 0 0 1 6 12
5 2 0 0 2 6 9
6 4 0 0 4 6 7
7 6 1 0 6 7 9
8 12 0 0 12 6 10
9 24 2 0 24 8 14
10 36 0 0 36 6 20
IN 0 -19 -49 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.1 0 0 0 7.31 160 0 160
7.01 0 0 6.475 7.32 150 90 159
7.06 0 0 7.0875 7.57 160 10 161
7.15 0 0 7.175 7.58 160 20 163
7.17 0 0 7.25 7.39 160 20 162
7.12 0 0 7.1 7.39 160 20 162
7.1 0 0 7.1 7.26 160 30 163
7.16 0 0 7.3 7.65 175 60 181
7.16 0 0 7.575 7.31 185 0 179
7.2 0 0 7.5875 7.49 180 0 180
7.4 0 0 7.5625 7.66 180 10 181
6.96 0 0 7.85 7.79 160 40 165
7.18 0 0 0 7.43 160 10 161
Alkalinity
 92 
Condition 7: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-4 M 
Table A.25 Raw data for condition 7, experiment 52_8 
 







- hours min sec hours min sec
0 0 -9 -44 0 -3 -31
1 0 0 0 0 6 13
2 0 15 0 0 21 14
3 0 30 0 0 36 8
4 1 0 0 1 6 5
5 2 0 0 2 6 4
6 4 0 30 4 6 30
7 6 0 0 6 6 5
8 12 4 40 12 10 51
9 24 0 0 24 6 7
10 36 0 0 36 6 15
IN 0 -19 -44 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.99 0.202 1.86 0 7.99 125 35 128.5
8.2 0.127 1.58 0.7225 7.93 110 75 117.75
8.5 0.0854 1.24 1.56875 8.15 100 65 107
8.55 0.0675 1.22 2.0425 8.17 95 40 99.25
8.63 0.0517 1.4 2.7375 8.35 85 50 90.25
8.76 0.0325 0.96 3.3375 8.69 80 12.5 81.5
8.91 0.0224 0.9 4.1 8.89 70 40 74.5
8.94 0.0246 0.9 4.675 8.85 68 30 71
9.09 0.0225 0.8 5.575 8.84 60 50 65.25
8.98 0.0206 0.94 5.925 8.93 58 10 59.5
9.06 0.0205 0.78 6.2625 9.01 55 30 58
7.87 0 0 7.75 7.29 28 55 34
8.51 0 0 0 7.25 30 10 31.5
Alkalinity
 93 
Table A.26 Raw data for condition 7, experiment 53_8 
 









- hours min sec hours min sec
0 0 -9 -51 0 -3 -37
1 0 0 0 0 6 20
2 0 15 0 0 21 20
3 0 30 0 0 36 14
4 1 0 0 1 6 10
5 2 0 0 2 6 10
6 4 0 30 4 6 34
7 6 0 0 6 6 12
8 12 4 40 12 11 4
9 24 0 0 24 6 12
10 36 0 0 36 6 20
IN 0 -19 -49 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.94 0.221 2.8 0 7.88 135 20 137.5
8.21 0.137 1.9 0.6275 7.95 115 70 122
8.54 0.0916 1.12 1.3225 8.09 110 0 109.75
8.61 0.0722 1.2 1.86 8.22 100 10 101.25
8.71 0.055 0.96 2.57875 8.28 90 15 91.75
8.87 0.0348 1.12 3.375 8.58 80 70 86.75
8.99 0.029 1.12 4.3875 8.83 75 0 74.5
9.04 0.0255 0.92 4.7 8.94 64 70 71
9.11 0.0229 0.82 5.5125 9.1 60 60 66
9.06 0.0215 0.82 6.05 9.03 60 0 59.5
9.1 0.0212 0.82 6.2625 8.76 55 15 57
7.87 0 0 7.75 8.09 28 55 34
8.51 0 0 0 7.95 30 15 31.5
Alkalinity
 94 
Table A.27 Raw data for condition 7, experiment 62_8 
 









- hours min sec hours min sec
0 0 -10 -15 0 -3 -50
1 0 0 0 0 6 19
2 0 15 0 0 21 20
3 0 30 0 0 36 16
4 1 0 0 1 6 9
5 2 0 50 2 7 0
6 4 0 5 4 6 12
7 6 0 0 6 6 6
8 12 0 0 12 6 12
9 24 0 0 24 6 8
10 36 0 0 36 6 13
IN 0 -20 -15 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.05 0.219 1.76 0 7.89 130 40 134
8.06 0.174 1.52 0.41625 8.01 115 50 120
8.5 0.0895 1.4 1.1775 8.11 110 0 108
8.58 0.0696 1.14 1.74625 8.15 95 60 101
8.7 0.0503 1.36 2.43375 8.46 90 20 93
8.87 0.0337 1.44 3.1625 8.72 80 25 83
8.94 0.0286 1.04 4.1125 8.8 78 0 77
9.14 0.0247 1.72 4.75 9.01 67 50 72.5
9.16 0.0225 0.8 5.2875 9.13 60 55 66
9.16 0.0211 0.78 6.025 9.1 55 55 60.5
9.27 0.0197 0.76 6.225 8.92 58 0 58
7.77 0 0 7.46 7.51 30 50 35
7.54 0 0 0 6.95 30 0 28
Alkalinity
 95 
Table A.28 Raw data for condition 7, experiment 63_8Blank 
 








- hours min sec hours min sec
0 0 -10 -35 0 -4 -10
1 0 0 0 0 6 18
2 0 15 0 0 21 20
3 0 30 0 0 36 14
4 1 0 0 1 6 8
5 2 0 50 2 7 0
6 4 0 5 4 6 15
7 6 0 0 6 6 6
8 12 0 0 12 6 12
9 24 0 0 24 6 8
10 36 0 0 36 6 13
IN 0 -20 -35 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.7 0 0 0 7.1 33 0 30
7.71 0 0 6.475 7.07 30 30 33
7.83 0 0 7.025 7.08 31 10 32
7.81 0 0 6.8625 7.09 31 0 31.5
7.76 0 0 6.85 7.46 31 10 32.25
7.85 0 0 7.1875 7.1 31 15 33
7.87 0 0 6.8375 7.38 31 20 32.75
7.93 0 0 7.075 7.68 31 0 31
7.68 0 0 7.1875 7.52 31 0 31.5
7.56 0 0 7.3 7.37 31 10 32.5
7.59 0 0 7.0875 7.54 31 15 32.5
7.77 0 0 7.46 7.51 30 50 35
7.54 0 0 0 6.95 30 0 28
Alkalinity
 96 
Condition 8: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-2 M 
Table A.29 Raw data for condition 8, experiment 58_8 
 







- hours min sec hours min sec
0 0 -9 -23 0 -3 -26
1 0 0 0 0 6 7
2 0 15 0 0 20 56
3 0 30 0 0 36 25
4 1 0 0 1 6 13
5 2 1 0 2 7 11
6 4 0 0 4 6 9
7 6 0 0 6 6 10
8 12 0 0 12 6 18
9 24 0 0 24 6 14
10 36 0 0 36 6 25
IN 0 -19 -23 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.17 0.0534 8.08 0 8.36 99 0 99
8.2 0.0412 7.4 0.84125 8.37 99 50 102.75
8.27 0.0351 7.56 1.7825 8.33 99 70 103.75
8.19 0.0344 6.72 2.2575 8.33 100 40 102.25
8.27 0.0355 6.84 2.7875 8.33 100 55 103
8.27 0.0293 5.68 3.375 8.43 100 50 102.5
8.35 0.0298 5.4 4.35 8.32 100 50 102.5
8.26 0.0316 5.84 4.4625 8.34 100 60 103
8.41 0.0282 4.64 5.8375 8.34 100 30 101.25
8.25 0.0307 3.02 6.225 8.31 100 60 102.75
8.37 0.025 2.76 6.45 8.46 100 20 100.75
7.97 0 0 7.28 8.28 100 0 102
7.93 0 0 0 8.26 100 60 102.5
Alkalinity
 97 
Table A.30 Raw data for condition 8, experiment 60_8 
 









- hours min sec hours min sec
0 0 -9 -20 0 -3 -20
1 0 0 0 0 5 55
2 0 15 0 0 21 0
3 0 30 0 0 35 58
4 1 0 0 1 6 0
5 2 0 0 2 5 54
6 4 0 0 4 5 55
7 6 0 0 6 6 9
8 12 0 15 12 6 14
9 24 0 0 24 5 55
10 36 0 5 36 6 7
IN 0 -19 -49 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.24 0.0559 7.56 0 8.29 99 20 100
8.26 0.0519 7.68 0.74 8.39 100 55 102.5
8.3 0.0486 7.56 1.68875 8.43 100 60 103.25
8.36 0.0482 7.32 2.17875 8.44 100 40 102
8.33 0.0308 6.6 2.7625 8.47 100 60 103
8.36 0.0319 5.64 3.5 8.37 100 50 102.5
8.35 0.031 5 4.2625 8.42 100 60 102.5
8.28 0.0326 4.96 4.9625 8.45 100 55 102.75
8.18 0.0311 3.8 5.6875 8.28 100 50 102.75
8.36 0.0298 2.86 6.3625 8.44 100 50 102.75
8.35 0.0253 2.84 7.375 8.41 100 0 100
8 0 0 8.23 8.24 100 60 102.5
7.98 0 0 0 8.27 100 40 102
Alkalinity
 98 
Table A.31 Raw data for condition 8, experiment 61_8 
 









- hours min sec hours min sec
0 0 -10 -9 0 -3 -36
1 0 0 0 0 6 29
2 0 15 0 0 21 26
3 0 30 0 0 36 27
4 1 0 0 1 6 27
5 2 0 0 2 6 24
6 4 0 0 4 6 19
7 6 0 0 6 6 29
8 12 0 15 12 6 33
9 24 0 0 24 6 15
10 36 0 5 36 6 33
IN 0 -20 -4 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.28 0.0617 7.56 0 8.33 99 35 100.75
8.33 0.0519 6.68 0.855 8.4 100 40 101.75
8.29 0.049 6.6 1.7375 8.43 100 40 102.25
8.39 0.0478 6.48 2.28 8.45 100 40 102.25
8.31 0.0316 6.04 2.925 8.46 100 20 100.5
8.4 0.034 5.6 3.5375 8.35 100 40 102.25
8.28 0.0312 4.42 4.425 8.32 100 50 102.75
8.26 0.0348 4.64 4.9875 8.46 100 60 103.25
8.21 0.0311 3.58 5.8125 8.3 100 35 101.75
8.29 0.0293 2.94 6.25 8.35 100 40 102.25
8.37 0.0269 2.64 6.825 8.49 100 80 104
8 0 0 7.53 8.24 100 60 102.5
7.98 0 0 0 8.27 100 40 102
Alkalinity
 99 
Table A.32 Raw data for condition 8, experiment 59_8Blank 
 







- hours min sec hours min sec
0 0 -9 -34 0 -3 -38
1 0 0 0 0 5 52
2 0 15 0 0 20 48
3 0 30 0 0 36 18
4 1 0 0 1 6 9
5 2 1 0 2 7 6
6 4 0 0 4 6 5
7 6 0 0 6 6 5
8 12 0 0 12 6 16
9 24 0 0 24 6 7
10 36 0 0 36 6 23
IN 0 -19 -34 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.08 0 0 0 8.19 99 60 102
8.19 0 0 6.65 8.14 100 30 101.75
8.1 0 0 7.075 8.24 100 20 101
8.07 0 0 7.0875 8.14 100 15 100.75
8.14 0 0 7.1375 8.18 100 20 101.25
8.08 0 0 7.2 8.24 100 50 102.5
8.14 0 0 6.9875 8.26 100 20 101
8.06 0 0 7.0375 8.15 100 50 102.5
8.17 0 0 7.3125 8.3 100 20 101
8.12 0 0 7.1625 8.27 100 30 101.75
8.34 0 0 7.5125 8.37 100 30 101
7.97 0 0 7.28 8.28 100 40 102
7.93 0 0 0 8.26 100 60 102.5
Alkalinity
 100 
Condition 9: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [Ca]in = 2E-5 M 
Table A.33 Raw data for condition 9, experiment 88_8 
 







- hours min sec hours min sec
0 0 -9 -50 0 -3 -27
1 0 0 0 0 6 20
2 0 15 0 0 21 23
3 0 30 0 0 36 16
4 1 0 5 1 6 19
5 2 0 0 2 6 14
6 4 0 5 4 6 20
7 6 0 5 6 6 24
8 12 8 40 12 14 56
9 24 0 0 24 6 6
10 36 0 0 36 6 6
IN 0 -19 -50 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.99 0.189 2.84 0 8.06 295 0 294.5
8.21 0.118 3.48 0.49625 8.16 290 20 292
8.35 0.0786 2.38 1.2875 8.23 290 0 282
8.51 0.0654 3.34 1.8125 8.34 270 40 274.5
8.41 0.0532 3.42 2.5125 8.41 265 20 267
8.64 0.0373 2.16 3.45 8.56 260 0 258
8.63 0.0343 1.72 4.2625 8.57 250 0 250
8.64 0.0339 2.9 4.7625 8.62 245 60 251
8.74 0.0318 2.44 5.4375 8.59 235 75 242.5
8.49 0.0333 1.62 5.775 8.54 235 30 238
8.56 0.0339 1.22 6.1875 8.49 237 0 237
7.88 0.017 0 7.25 7.91 220 0 217
7.82 0.0179 0 0 7.92 215 0 214
Alkalinity
 101 
Table A.34 Raw data for condition 9, experiment 89_8 
 









- hours min sec hours min sec
0 0 -9 -56 0 -3 -33
1 0 0 0 0 6 24
2 0 15 0 0 21 23
3 0 30 0 0 36 19
4 1 0 5 1 6 24
5 2 0 0 2 6 18
6 4 0 5 4 6 24
7 6 0 5 6 6 27
8 12 8 40 12 14 58
9 24 0 0 24 6 9
10 36 0 0 36 6 10
IN 0 -19 -31 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.01 0.195 2.72 0 8.04 293 20 295
8.19 0.125 3.88 0.37375 8.06 290 60 297
8.37 0.0806 2.42 1.1275 8.25 280 25 282
8.53 0.0654 2.34 1.68 8.31 270 40 274.5
8.51 0.0536 2.22 2.3975 8.5 270 20 272.5
8.69 0.0383 2.3 3.325 8.65 260 10 261
8.76 0.0352 1.64 4.175 8.75 250 30 253
8.78 0.0334 1.88 4.775 8.78 250 10 251
8.78 0.0329 1.42 5.4125 8.65 240 40 244
8.69 0.0336 1.44 5.825 8.65 235 30 238
8.66 0.0343 1.16 6.3 8.58 238 0 238
7.88 0.017 0 7.25 7.91 220 0 217
7.82 0.0177 0 0 7.92 215 0 214
Alkalinity
 102 
Table A.35 Raw data for condition 9, experiment 90_8 
 









- hours min sec hours min sec
0 0 -9 -36 0 -3 -26
1 0 0 0 0 6 8
2 0 15 0 0 21 7
3 0 30 0 0 36 2
4 1 0 0 1 6 0
5 2 0 0 2 5 55
6 4 0 0 4 6 12
7 6 5 10 6 11 22
8 12 0 0 12 6 15
9 24 0 0 24 6 10
10 36 0 0 36 6 18
IN 0 -19 -36 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.97 0.187 2.72 0 8.01 280 80 288.5
8.14 0.118 2.88 0.645 8.09 280 80 288
8.34 0.0784 2.56 1.45625 8.19 270 75 277.5
8.37 0.0632 2.14 1.76375 8.21 265 40 269
8.42 0.0523 2 2.65 8.33 260 20 262
8.58 0.0383 2.32 3.375 8.36 250 30 252.5
8.64 0.0354 2.32 4.3 8.54 245 50 250
8.61 0.0318 2.02 4.7 8.55 237 70 244
8.64 0.0312 1.38 5.3125 8.61 235 55 240.5
8.58 0.0325 1.16 6.1 8.51 230 70 237
8.57 0.0297 1.18 6.0375 8.44 227 60 233.25
7.88 0.0157 0 7.33 7.92 215 20 217
7.93 0.0158 0 0 7.9 215 30 217
Alkalinity
 103 
Table A.36 Raw data for condition 9, experiment 91_8Blank 
 








- hours min sec hours min sec
0 0 -9 -55 0 -3 -41
1 0 0 0 0 6 9
2 0 15 0 0 21 11
3 0 30 0 0 36 7
4 1 0 0 1 6 11
5 2 0 0 2 5 58
6 4 0 0 4 6 20
7 6 5 10 6 11 32
8 12 0 0 12 6 24
9 24 0 0 24 6 17
10 36 0 0 36 6 30
IN 0 -19 -55 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.9 0.0172 0 0 7.86 215 0 212
7.83 0.0168 0 6.7 7.9 220 0 220
7.92 0.0168 0 7.2375 7.86 215 0 215
7.88 0.0173 0 7.2125 7.86 215 10 216
7.8 0.0175 0 7.2125 7.87 215 0 215
7.98 0.0166 0 7.1875 7.97 215 0 215
7.92 0.0191 0 7.4125 7.93 215 0 213
7.86 0.0181 0 7.2625 7.88 215 0 214
7.92 0.018 0 7.2625 7.95 215 0 213
7.86 0.0183 0 7.5125 8 215 10 216
8.04 0.016 0 7.15 8 215 30 218
7.88 0.0157 0 7.19 7.92 215 20 217
7.93 0.0158 0 0 7.9 215 30 217
Alkalinity
 104 
Condition 10: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [Ca]in = 2E-4 M 
Table A.37 Raw data for condition 10, experiment 84_8 
 







- hours min sec hours min sec
0 0 -9 -28 0 -3 -18
1 0 0 0 0 6 10
2 0 15 0 0 21 5
3 0 30 0 0 36 23
4 1 0 0 1 6 7
5 2 0 0 2 6 13
6 4 0 0 4 6 14
7 6 0 0 6 6 10
8 12 0 0 12 6 20
9 24 0 0 24 6 6
10 36 0 0 36 6 16
IN 0 -19 -28 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.88 0.304 4.52 0 7.96 250 120 262
7.97 0.212 1.78 0.57875 8.01 250 0 250.5
8.11 0.179 1.66 1.33875 8.05 240 0 237.5
8.14 0.171 2.2 1.74125 8.08 230 40 234
8.15 0.169 1.42 2.48625 8.2 225 0 225.5
8.23 0.146 1.14 3.2125 8.25 215 50 220.5
8.2 0.149 1.02 4.05 8.21 210 55 215.75
8.17 0.15 1.24 4.525 8.05 210 0 210
8.49 0.161 0.62 5.1875 8.2 210 0 207.5
8.13 0.169 0.64 5.7875 8.1 200 15 201.5
8.14 0.164 0.5 6.0625 8.1 200 0 197
7.85 0.187 0 7.29 7.94 200 0 197
7.81 0.2 0 0 7.96 195 50 198.5
Alkalinity
 105 
Table A.38 Raw data for condition 10, experiment 85_8 
 









- hours min sec hours min sec
0 0 -9 -31 0 -3 -21
1 0 0 0 0 6 7
2 0 15 0 0 21 5
3 0 30 0 0 36 23
4 1 0 0 1 6 3
5 2 0 0 2 6 13
6 4 1 5 4 6 14
7 6 0 0 6 6 15
8 12 0 0 12 6 22
9 24 0 0 24 6 6
10 36 0 0 36 6 16
IN 0 -19 -31 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.84 0.304 3.2 0 7.96 270 0 270
7.96 0.215 2.18 0.47625 7.99 250 0 248
8.11 0.178 2.22 1.105 8.02 238 20 240
8.08 0.175 1.66 1.5825 8.08 230 40 235
8.17 0.171 1.54 2.30875 8.13 225 0 224
8.27 0.142 1.08 3.0625 8.18 215 40 219.5
8.33 0.15 1.34 4.025 8.38 210 25 212.5
8.19 0.151 1.28 4.45 8.19 210 0 209.5
8.36 0.162 0.52 5.1375 8.37 200 55 205.5
8.25 0.171 1.02 5.95 8.26 200 40 204.5
8.19 0.171 0.36 6.2625 8.26 200 0 200
7.85 0.187 0 7.29 7.94 200 0 197
7.81 0.204 0 0 7.96 195.5 50 199.5
Alkalinity
 106 
Table A.39 Raw data for condition 10, experiment 86_8 
 









- hours min sec hours min sec
0 0 -9 -29 0 -3 -19
1 0 0 0 0 6 9
2 0 15 0 0 21 12
3 0 30 0 0 36 9
4 1 0 0 1 6 6
5 2 0 0 2 6 8
6 4 0 0 4 6 7
7 5 55 0 6 1 13
8 12 0 0 12 6 9
9 23 53 30 23 59 37
10 36 1 25 36 7 32
IN 0 -19 -29 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.94 0.304 4.68 0 7.92 250 0 243.5
8 0.218 2.74 0.535 8 240 40 244.5
8.19 0.186 2.86 1.25625 8.06 230 60 236
8.23 0.175 1.28 1.715 8.05 228 17.5 229.75
8.24 0.168 2.32 2.24125 8.08 222 0 212
8.23 0.14 1.1 3.1125 8.16 215 0 214
8.23 0.151 1.34 4.0625 8.16 210 0 208.5
8.06 0.151 1.08 4.5625 8.04 200 50 205.5
8.25 0.167 7.88 5.1375 8.15 200 40 204.5
8.21 0.164 0.48 5.675 8.26 200 0 197.5
8.2 0.167 0.48 6.0625 8.03 230 0 225
7.83 0.2 0 7.19 7.98 195 0 194
7.81 0.207 0 0 7.91 195 0 187
Alkalinity
 107 
Table A.40 Raw data for condition 10, experiment 87_8Blank 
 








- hours min sec hours min sec
0 0 -9 -55 0 -3 -45
1 0 0 0 0 6 11
2 0 15 0 0 21 12
3 0 30 0 0 36 6
4 1 0 0 1 6 10
5 2 0 0 2 6 4
6 4 0 0 4 6 7
7 5 55 0 6 1 13
8 12 0 0 12 6 9
9 23 53 30 23 59 37
10 36 1 25 36 7 30
IN 0 -19 -55 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.87 0.208 0 0 7.91 190 0 190.5
7.87 0.208 0 6.6625 7.9 190 0 190.5
7.89 0.208 0 7.15 7.86 200 0 192
7.87 0.231 0 7.0375 7.86 190 40 194
7.82 0.217 0 7.0875 7.84 190 40 194
7.86 0.192 0 7.175 7.93 190 52.5 195.25
7.88 0.209 0 7.4 7.91 190 30 192
7.81 0.201 0 7.375 7.82 190 20 192.25
7.85 0.202 0 7.2625 7.92 190 17.5 191.75
7.81 0.198 0 7.2875 7.83 190 0 187
7.91 0.196 0 7.35 8.01 210 60 216
7.83 0.2 0 7.19 7.98 195 0 194
7.81 0.207 0 0 7.91 195 0 187
Alkalinity
 108 
Condition 11: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [PO4]t = 1E-5 M 
Table A.41 Raw data for condition 11, experiment 97_8 
 







- hours min sec hours min sec
0 0 -9 -55 0 -3 -33
1 0 0 0 0 6 21
2 0 15 0 0 21 22
3 0 30 0 0 36 21
4 1 0 0 1 6 20
5 2 0 0 2 6 16
6 4 0 0 4 6 11
7 6 0 0 6 6 12
8 12 0 0 12 6 12
9 24 3 0 24 9 4
10 36 6 0 36 12 14
IN 0 -19 -55 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.97 0.144 4.12 0 8.21 275 0 271
8.27 0.0893 3.6 0.985 8.18 270 40 274.5
8.41 0.059 2.92 1.90125 8.32 265 15 266.5
8.46 0.0488 2.86 2.37375 8.36 262 20 264
8.49 0.0393 2.58 3.0125 8.39 250 70 257
8.56 0.0242 2.74 3.8 8.56 250 50 284.25
8.69 0.0217 2.82 4.55 8.52 245 0 245
8.55 0.0218 2.68 4.9125 8.51 235 0 223
8.71 0.0232 6.88 5.65 8.5 225 0 220
8.46 0.0181 2.28 6.2125 8.43 230 0 228
8.62 0.0191 2.42 6.025 8.45 230 0 230
7.82 0 1.38 7.21 7.99 215 0 214
7.89 0 1.16 0 7.99 215 0 208
Alkalinity
 109 
Table A.42 Raw data for condition 11, experiment 98_8 
 









- hours min sec hours min sec
0 0 -9 -54 0 -3 -32
1 0 0 0 0 6 19
2 0 15 0 0 21 17
3 0 30 0 0 36 17
4 1 0 0 1 6 15
5 2 0 0 2 6 14
6 4 0 0 4 6 10
7 6 0 0 6 6 12
8 12 0 0 12 6 12
9 24 3 0 24 9 9
10 36 6 0 36 12 16
IN 0 -19 -54 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.95 0.144 3.68 0 8.03 270 0 266
8.28 0.0893 4.48 1.12125 8.13 270 60 277
8.43 0.0573 2.6 2.02375 8.23 264 10 265
8.53 0.0474 2.98 2.50125 8.37 260 0 260.25
8.57 0.0378 2.66 3.175 8.43 250 65 256.25
8.65 0.0252 2.82 4.0125 8.63 250 40 253
8.66 0.0227 2.46 4.65 8.67 245 0 244.5
8.6 0.0209 2.4 5.025 8.63 235 80 243
8.63 0.0204 2.86 5.775 8.63 235 60 241.25
8.58 0.0207 3.58 6.05 8.59 235 15 236.5
8.59 0.0293 2.1 6.0125 8.49 230 30 233.25
7.82 0 1.38 7.21 7.99 215 0 214
7.89 0 1.16 0 7.99 215 0 208
Alkalinity
 110 
Table A.43 Raw data for condition 11, experiment 99_8 
 









- hours min sec hours min sec
0 0 -9 -31 0 -3 -22
1 0 0 0 0 5 58
2 0 15 0 0 21 15
3 0 30 0 0 36 10
4 1 0 0 1 6 10
5 2 0 0 2 6 9
6 4 0 0 4 6 12
7 6 8 45 6 14 50
8 12 0 0 12 6 13
9 24 0 0 24 6 11
10 36 0 0 36 6 14
IN 0 -19 -31 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.9 0.157 4.02 0 8 279 0 279.5
8.06 0.0786 2.88 0.6225 8.14 270 0 272
8.28 0.0503 3.08 1.48625 8.29 265 40 264
8.51 0.0414 2.98 2.0475 8.44 260 60 266
8.58 0.0347 3.52 2.75 8.43 260 15 261.5
8.74 0.044 4 3.65 8.55 250 70 258
8.67 0.0211 2.84 4.3875 8.48 245 57.5 251
8.8 0.0211 3.42 4.85 8.63 240 70 247.5
8.62 0.0195 2.36 5.65 8.64 235 75 242
8.55 0.0193 2.12 5.9875 8.56 232 45 236
8.48 0.0189 2.18 6.275 8.48 230 25 232.5
7.84 0 1.38 7.14 7.95 212 50 217
7.88 0 1.14 0 7.85 215 0 211
Alkalinity
 111 
Table A.44 Raw data for condition 11, experiment 96_8Blank 
 








- hours min sec hours min sec
0 0 -10 -29 0 -3 -54
1 0 0 0 0 6 36
2 0 15 0 0 21 23
3 0 30 0 0 36 29
4 1 0 0 1 6 18
5 2 0 0 2 6 25
6 4 0 0 4 6 5
7 6 8 45 6 14 58
8 12 0 0 12 6 22
9 24 0 0 24 6 15
10 36 0 0 36 6 35
IN 0 -20 -29 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.93 0 1.18 0 7.89 212 15 213.5
7.91 0 1.12 6.8625 7.92 212 20 214
7.95 0 1.06 7.3875 7.86 212 25 214.5
7.98 0 1.08 7.3625 7.89 212 20 214.25
7.96 0 1.06 7.2875 7.83 214 0 214
7.92 0 1.08 7.55 7.95 214 10 215
7.94 0 1.1 7.25 7.88 210 30 213
8 0 1.1 7.2 7.91 212 20 214.25
7.9 0 1.14 7.475 7.95 212 35 215.5
7.99 0 1.08 7.3375 7.99 212 20 214
8 0 1.08 7.075 7.98 200 0 202.5
7.84 0 1.38 7.14 7.95 212 50 217
7.88 0 1.14 0 7.85 215 0 211
Alkalinity
 112 
Condition 12: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [PO4]t = 1E-4 M 
Table A.45 Raw data for condition 12, experiment 68_8 
 







- hours min sec hours min sec
0 0 -9 -31 0 -3 -22
1 0 0 0 0 6 10
2 0 15 0 0 21 9
3 0 30 0 0 36 11
4 1 0 0 1 6 5
5 2 0 0 2 6 4
6 4 0 0 4 6 2
7 6 2 30 6 8 32
8 12 0 0 12 6 8
9 24 1 10 24 7 14
10 36 0 0 36 6 15
IN 0 -19 -31 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.9 0.119 9.08 0 8.01 270 50 275
8.14 0.0709 5.72 0.92625 8.13 270 60 275.5
8.34 0.0446 6.12 1.88125 8.24 270 0 270
8.46 0.0356 6.56 2.37875 8.32 260 60 265.5
8.47 0.0266 6.6 3 8.44 260 10 261
8.59 0.0171 7.36 3.6375 8.51 255 0 255
8.53 0.0147 8.72 4.55 8.46 250 0 248
8.33 0.0141 8.84 5.025 8.33 239 10 240
8.62 0.0124 9.6 5.775 8.5 210 0 210
8.44 0.0097 9.12 6.1625 8.35 225 0 217
8.41 0.0095 9.4 6.65 8.4 235 0 235.5
7.83 0 10.48 8.13 7.84 215 20 217
7.72 0 10.04 0 7.84 220 10 221
Alkalinity
 113 
Table A.46 Raw data for condition 12, experiment 69_8 
 









- hours min sec hours min sec
0 0 -9 -43 0 -3 -34
1 0 0 0 0 6 3
2 0 15 0 0 21 3
3 0 30 0 0 36 8
4 1 0 0 1 6 1
5 2 0 0 2 6 8
6 4 0 0 4 6 10
7 6 2 30 6 8 32
8 12 0 0 12 6 5
9 24 1 10 24 7 17
10 36 0 0 36 6 15
IN 0 -19 -43 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.01 0.103 5.44 0 7.97 275 0 275
8.23 0.0715 5.24 0.83 8.19 270 80 278
8.37 0.0442 5.72 1.76 8.35 270 10 271
8.49 0.0372 6.12 2.2575 8.29 260 0 260
8.62 0.0276 6.52 2.95 8.41 260 0 260
8.66 0.0182 7.04 3.6375 8.57 255 10 256
8.69 0.016 7.88 4.4 8.61 250 0 249
8.33 0.0142 8.2 4.8625 8.39 240 0 239.5
8.66 0.0126 8.64 5.7125 8.64 200 0 200
8.47 0.01 8.96 6.0125 8.43 212 0 212
8.34 0.0112 9.16 6.425 8.39 230 20 232
7.83 0 10.48 8.13 7.84 215 20 217
7.72 0 10.04 0 7.84 220 10 221
Alkalinity
 114 
Table A.47 Raw data for condition 12, experiment 70_8 
 









- hours min sec hours min sec
0 0 -10 -1 0 -3 -38
1 0 0 0 0 6 7
2 0 15 5 0 21 13
3 0 30 0 0 36 9
4 1 0 0 1 6 2
5 2 0 0 2 6 5
6 4 0 0 4 5 58
7 6 3 0 6 9 24
8 12 0 15 12 6 33
9 24 0 0 24 5 59
10 36 2 40 36 8 47
IN 0 -20 -1 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.01 0.123 5.08 0 8.08 275 40 279.5
8.12 0.0701 5.6 0.7325 8.16 280 40 284
8.35 0.0429 6.2 1.6575 8.35 275 40 279
8.41 0.0332 6.76 2.18125 8.38 270 50 275
8.37 0.0253 7.32 2.8625 8.51 268 20 270
8.66 0.0177 7.8 3.6375 8.45 264 0 263
8.36 0.016 8.36 4.3875 8.32 250 25 252.5
8.41 0.0144 8.56 4.7625 8.48 250 30 253
8.54 0.0125 9.84 5.525 8.48 245 40 249.5
8.36 0.0117 9.88 6.125 8.51 240 30 243
8.18 0.0115 9.2 5.6875 8.26 237 40 241
7.76 0 10.64 7.73 7.75 220 30 223
7.77 0 9.96 0 7.83 220 0 220
Alkalinity
 115 
Table A.48 Raw data for condition 12, experiment 71_8Blank 
 







- hours min sec hours min sec
0 0 -10 -59 0 -4 -18
1 0 0 0 0 6 20
2 0 15 5 0 21 26
3 0 30 0 0 36 18
4 1 0 0 1 6 14
5 2 0 0 2 6 18
6 4 0 0 4 6 10
7 6 3 0 6 9 27
8 12 0 15 12 6 33
9 24 0 0 24 6 12
10 36 2 40 36 9 1
IN 0 -20 -59 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.83 0 9.84 0 7.79 220 0 218
7.79 0 10.12 6.775 7.86 220 15 221.5
7.93 0 10.12 7.275 7.79 220 15 221.5
7.86 0 10.28 7.2125 7.81 220 15 221.5
7.86 0 10.12 7.3625 7.85 220 25 222.5
7.84 0 10.12 7.175 7.85 220 20 222
7.64 0 10.08 7.025 7.65 215 15 216.5
7.78 0 9.92 7.0375 7.78 218.15 219.5 247
7.84 0 9.96 7.2125 7.88 220 30 223
7.83 0 9.92 7.4 7.89 330 20 222
7.8 0 10.32 6.1125 7.89 220 15 221.5
8.9 0 10.64 7.73 7.75 220 30 223
8.79 0 9.96 0 7.83 220 0 220
Alkalinity
 116 
Condition 13: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [Ca]in = 2E-5 M; [PO4]t 
= 1E-5 M 
Table A.49 Raw data for condition 13, experiment 92_8 
 






- hours min sec hours min sec
0 0 -9 -54 0 -3 -30
1 0 0 0 0 6 20
2 0 15 0 0 21 15
3 0 30 5 0 36 19
4 1 0 0 1 6 14
5 2 0 0 2 6 15
6 4 0 0 4 6 15
7 6 0 0 6 6 13
8 12 0 0 12 6 20
9 24 0 0 24 5 58
10 36 0 0 36 6 2
IN 0 -19 -54 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.89 0.185 3.58 0 8.02 280 80 288
8.14 0.115 2.88 0.685 8.11 280 90 289
8.29 0.079 2.9 1.5125 8.22 275 35 278.5
8.38 0.0652 2.36 1.995 8.23 265 50 270
8.45 0.0538 2.56 2.6375 8.27 255 80 262
8.48 0.0338 2.72 3.425 8.5 250 50 255
8.62 0.0318 2.36 4.4125 8.55 245 50 250
8.58 0.0294 2.12 4.8875 8.59 240 60 246
8.62 0.0278 2.38 5.6125 8.52 240 0 239.5
8.45 0.0283 1.8 5.8375 8.41 230 45 234.5
8.33 0.0288 1.72 6.4875 8.33 225 40 229
7.86 0.0173 1.18 7.15 7.92 220 0 217
7.82 0.0178 1.12 0 7.92 215 0 215
Alkalinity
 117 
Table A.50 Raw data for condition 13, experiment 93_8 
 









- hours min sec hours min sec
0 0 -10 -8 0 -3 -38
1 0 0 0 0 6 20
2 0 15 0 0 21 17
3 0 30 5 0 36 30
4 1 0 0 1 6 22
5 2 0 0 2 6 25
6 4 0 0 4 6 25
7 6 0 0 6 6 25
8 12 0 0 12 6 28
9 24 0 0 24 6 12
10 36 0 0 36 6 16
IN 0 -19 -31 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.93 0.189 2.48 0 7.99 290 20 293
8.09 0.122 3.04 0.7025 8.1 290 0 290
8.33 0.0825 2.38 1.52625 8.19 275 40 279
8.35 0.0699 2.64 1.99625 8.25 268 25 270.5
8.47 0.0562 2.1 2.65 8.3 255 70 262
8.62 0.036 2.2 3.45 8.55 250 50 255
8.69 0.0343 2.1 4.3125 8.64 245 65 251.5
8.68 0.0307 2.04 4.8125 8.69 240 90 249
8.65 0.0295 1.86 5.6 8.69 240 15 241
8.62 0.0294 1.76 5.9 8.6 230 40 234
8.47 0.0295 1.62 6.5625 8.53 225 70 232
7.86 0.0173 1.18 7.15 7.92 220 0 217
7.82 0.0178 1.12 0 7.92 215 0 215
Alkalinity
 118 
Table A.51 Raw data for condition 13, experiment 94_8 
 









- hours min sec hours min sec
0 0 -10 -13 0 -3 -38
1 0 0 0 0 6 9
2 0 15 0 0 21 15
3 0 30 0 0 36 16
4 1 0 0 1 6 12
5 2 0 0 2 6 9
6 4 1 10 4 7 22
7 6 0 0 6 6 11
8 12 0 0 12 6 12
9 24 0 3 24 6 12
10 36 16 50 36 23 10
IN 0 -20 -13 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.05 0.17 2.66 0 8.05 275 0 273
8.15 0.1 3.2 0.74375 8.16 275 0 273
8.29 0.0698 2.86 1.66875 8.26 270 0 269
8.44 0.0598 4.9 2.17 8.4 260 80 268.5
8.48 0.0496 2.42 2.8125 8.43 260 0 259.5
8.58 0.0339 2.8 3.7875 8.54 250 35 253.75
8.58 0.0322 3.84 4.5125 8.63 243 60 249.25
8.63 0.0306 2.74 4.75 8.61 240 55 245.5
8.51 0.0293 2.58 5.45 8.65 235 0 235
8.62 0.0296 2.96 5.85 8.59 225 90 234
8.39 0.0298 2.58 6.15 8.49 225 90 234
7.9 0.0177 1.16 7.18 8.03 215 15 216.5
7.92 0.0184 1.16 0 7.96 215 0 213.5
Alkalinity
 119 
Table A.52 Raw data for condition 13, experiment 95_8Blank 
 






- hours min sec hours min sec
0 0 -10 -21 0 -3 -59
1 0 0 0 0 6 13
2 0 15 0 0 21 1
3 0 30 0 0 36 3
4 1 0 0 1 6 2
5 2 0 0 2 6 0
6 4 1 10 4 7 6
7 6 0 0 6 5 56
8 12 0 0 12 5 59
9 24 0 3 24 6 1
10 36 16 50 36 22 50
IN 0 -20 -21 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.9 0.0187 1.12 0 7.93 215 0 213
7.91 0.0188 1.1 6.6375 8 215 20 217
7.94 0.0193 1.16 7.3375 7.89 215 15 216.5
7.88 0.02 1.14 7.225 7.92 215 0 215
7.99 0.02 1.14 7.5625 8 215 15 216.5
8 0.0172 1.14 7.3875 7.92 215 0 215
7.86 0.0193 1.08 7.175 7.89 215 0 215
7.92 0.0191 1.1 7.175 7.92 215 0 215
7.86 0.0189 1.2 7.275 7.95 215 0 215
7.98 0.0194 1.12 7.125 8.03 212 0 212
7.97 0.0186 1.28 7.0875 8.09 212 0 212
7.96 0.0177 1.16 7.18 8.03 215 15 216.5
7.92 0.0184 1.16 0 7.96 215 0 213.5
Alkalinity
 120 
Condition 14: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [Ca]in = 2E-4 M; [PO4]t 
= 1E-5 M 
Table A.53 Raw data for condition 14, experiment 80_8 
 






- hours min sec hours min sec
0 0 -9 -22 0 -3 -18
1 0 0 0 0 6 3
2 0 15 0 0 21 8
3 0 30 0 0 36 6
4 1 0 0 1 6 16
5 2 0 0 2 6 10
6 4 1 5 4 7 16
7 6 0 0 6 6 10
8 12 4 5 12 10 18
9 24 0 0 24 6 11
10 36 0 0 36 6 18
IN 0 -19 -50 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.89 0.287 3.72 0 7.97 270 0 261
8.05 0.21 2.8 0.61625 8.06 250 30 253.25
8.16 0.174 2.24 1.3275 8.08 245 0 245
8.22 0.167 4.84 1.7675 8.08 235 30 238
8.19 0.163 1.84 2.36 8.07 230 15 231.5
8.32 0.136 1.62 3.125 8.19 221 60 227
8.34 0.136 1.24 4.0625 8.19 215 40 219.25
8.21 0.145 1.34 4.475 8.3 210 50 215
8.3 0.163 1.3 5.15 8.07 212 0 212
8.17 0.16 0.82 5.8625 8.17 200 60 206
8.24 0.172 0.9 6.2125 8.07 200 60 206.25
7.86 0.199 1.14 7.49 7.9 200 25 202.5
7.8 0.182 1.12 0 7.88 200 15 201
Alkalinity
 121 
Table A.54 Raw data for condition 14, experiment 81_8 
 









- hours min sec hours min sec
0 0 -9 -3 0 -3 -7
1 0 0 0 0 6 29
2 0 15 0 0 21 10
3 0 30 0 0 36 14
4 1 0 0 1 6 13
5 2 0 0 2 6 8
6 4 1 5 4 7 11
7 6 0 0 6 6 6
8 12 4 5 12 10 13
9 24 0 0 24 6 6
10 36 0 0 36 6 18
IN 0 -20 -1 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.93 0.287 3.12 0 7.91 255 0 252.5
8.05 0.205 3.8 0.79375 7.99 250 50 255
8.12 0.174 2.64 1.5475 8.03 245 0 241
8.25 0.168 4.82 1.995 8.11 240 50 243
8.32 0.162 1.54 2.52 8.14 233 0 232.5
8.32 0.144 1.48 3.275 8.28 225 0 224
8.36 0.145 1.12 4.225 8.34 215 30 218
8.33 0.151 0.98 4.6625 8.3 210 50 215.25
8.29 0.17 1.04 5.0875 8.29 210 0 210.25
8.19 0.168 0.76 6.05 8.27 210 0 210
8.29 0.176 0.62 6.225 8.28 210 0 208
7.86 0.199 1.14 7.49 7.9 200 25 202.5
7.8 0.182 1.12 0 7.88 200 15 201
Alkalinity
 122 
Table A.55 Raw data for condition 14, experiment 82_8 
 









- hours min sec hours min sec
0 0 -10 -13 0 -3 -40
1 0 0 0 0 6 24
2 0 15 5 0 21 29
3 0 30 0 0 36 6
4 1 0 0 1 6 6
5 2 0 0 2 6 3
6 4 0 0 4 6 21
7 6 0 0 6 6 7
8 12 0 0 12 6 14
9 24 0 0 24 6 10
10 36 0 0 36 6 14
IN 0 -20 -13 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.93 0.29 4.38 0 7.99 260 70 267
7.98 0.205 2.5 0.45875 8.04 255 0 255.25
8.08 0.169 2.36 1.1025 8.05 245 15 246.5
8.13 0.158 1.76 1.57625 8.1 235 30 238
8.11 0.154 2.26 2.24 8.11 230 0 230
8.29 0.136 1.62 3.0375 8.2 220 27.5 222.75
8.2 0.139 1.2 3.85 8.22 225 0 224
8.24 0.141 2.34 4.475 8.23 220 0 214.5
8.07 0.148 1.28 5.375 8.11 210 0 211
8.09 0.161 0.78 5.7375 8.14 210 0 208
8.18 0.165 0.78 6.375 8.14 200 70 207
7.81 0.188 1.12 7.58 7.87 200 17.5 201.75
7.84 0.19 1.08 0 7.91 200 0 199
Alkalinity
 123 
Table A.56 Raw data for condition 14, experiment 83_8Blank 
 








- hours min sec hours min sec
0 0 -10 -50 0 -4 -10
1 0 0 0 0 6 17
2 0 15 5 0 21 25
3 0 30 0 0 36 8
4 1 0 0 1 6 6
5 2 0 0 2 6 1
6 4 0 0 4 6 16
7 6 0 0 6 6 4
8 12 0 0 12 6 16
9 24 0 0 24 6 11
10 36 0 0 36 6 24
IN 0 -20 -50 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.89 0.194 1.12 0 7.88 200 0 198
7.82 0.194 1.06 6.9375 7.87 200 10 201
7.81 0.194 1.12 7.4 7.87 200 17.5 201.75
7.89 0.2 1.04 7.6 7.91 200 0 199.5
7.74 0.202 1.06 7.4625 7.87 200 0 200
7.84 0.197 1.04 7.425 7.88 210 0 210
7.86 0.197 1.1 7.4 7.9 200 200.25 222
7.88 0.197 1.08 7.5625 7.97 200 25 202.5
7.83 0.197 1.12 7.8 7.85 200 0 199.5
7.86 0.199 1.08 7.3125 7.95 200 0 200
7.86 0.196 1.06 7.775 7.99 200 0 200
7.81 0.187 1.12 7.55 7.87 200 17.5 201.75
7.84 0.19 1.08 0 7.91 200 0 199
Alkalinity
 124 
Condition 15: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [Ca]in = 2E-5 M; [PO4]t 
= 1E-4 M 
Table A.57 Raw data for condition 15, experiment 72_8 
 






- hours min sec hours min sec
0 0 -10 -25 0 -3 -50
1 0 0 0 0 6 30
2 0 15 0 0 21 12
3 0 30 0 0 36 11
4 1 0 0 1 6 8
5 2 0 0 2 6 7
6 4 0 0 4 6 7
7 6 0 0 6 6 14
8 12 0 0 12 6 19
9 24 0 0 24 6 14
10 36 0 7 36 6 28
IN 0 -21 -35 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8 0.143 10.8 0 8.11 280 0 278
8.18 0.0831 6.04 0.60125 8.18 275 50 280
8.44 0.0495 6.04 1.59625 8.26 275 60 281
8.38 0.0389 6.24 2.1725 8.34 275 0 275
8.48 0.0321 7.52 2.9125 8.4 270 0 269
8.52 0.0222 8.2 3.625 8.46 264 35 267.5
8.51 0.0217 8 4.4 8.53 250 40 254
8.52 0.0199 8.76 5.0125 8.6 250 50 254
8.34 0.0181 8.08 5.0875 8.49 242 40 246
8.28 0.0179 8.88 6.1375 8.47 240 40 243.5
8.22 0.0161 9.8 6.55 8.38 235 15 236.5
7.72 0.0157 10 7.48 7.77 223 0 220
7.72 0.0143 10.24 0 7.94 228 0 223
Alkalinity
 125 
Table A.58 Raw data for condition 15, experiment 73_8 
 









- hours min sec hours min sec
0 0 -10 -21 0 -3 -46
1 0 0 0 0 6 25
2 0 15 0 0 21 8
3 0 30 0 0 36 2
4 1 0 0 1 6 1
5 2 0 0 2 6 2
6 4 0 0 4 5 58
7 6 0 0 6 6 1
8 12 0 0 12 6 12
9 24 0 0 24 6 5
10 36 0 7 36 6 24
IN 0 -21 -31 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







8.1 0.153 3.72 0 8.12 275 30 278
8.19 0.0902 4.4 0.48 8.13 284 20 286
8.34 0.0519 5.24 1.33 8.24 275 60 281
8.47 0.0412 5.72 1.83875 8.29 280 0 277.5
8.54 0.0321 5.96 2.575 8.37 270 20 272.5
8.66 0.0177 6.8 3.375 8.46 265 40 269
8.69 0.0217 7.4 4.175 8.65 260 0 253
8.61 0.0158 7.88 4.8875 8.63 245 65 252.5
8.55 0.0181 8.12 4.7625 8.55 245 0 243
8.48 0.0178 8.56 6.325 8.52 243 0 241
8.39 0.0165 8.68 6.65 8.43 237 10 238
7.72 0.0154 10 7.48 7.77 223 0 220
7.72 0.0143 10.24 0 7.94 228 0 223
Alkalinity
 126 
Table A.59 Raw data for condition 15, experiment 74_8 
 









- hours min sec hours min sec
0 0 -9 -30 0 -3 -29
1 0 0 0 0 6 5
2 0 15 0 0 21 7
3 0 30 0 0 35 57
4 1 0 0 1 6 13
5 2 0 0 2 6 9
6 4 0 0 4 6 19
7 6 0 0 6 6 11
8 12 0 0 12 6 9
9 24 0 0 24 6 11
10 36 0 0 36 6 16
IN 0 -19 -30 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.97 0.148 4.44 0 8.06 270 70 277
8.17 0.0895 5.12 0.77 8.18 275 0 275
8.33 0.0566 5.8 1.4675 8.31 275 40 278
8.41 0.0466 6.28 2.0825 8.45 268 30 271
8.5 0.0367 7.84 2.6875 8.46 261 20 263.5
8.53 0.0253 8.92 3.5625 8.57 250 40 254.5
8.6 0.0212 7.36 4.775 8.6 247 60 253
8.59 0.0198 7.8 5.75 8.64 245 30 248
8.41 0.0177 8.44 5.6875 8.61 242 0 242
8.47 0.0169 9.08 6.1875 8.48 242 35 245.5
8.22 0.0158 8.8 6.2125 8.44 240 0 234
7.81 0.0165 10.52 7.41 7.82 212 15 213.5
7.77 0.0166 10.08 0 7.87 220 40 224
Alkalinity
 127 
Table A.60 Raw data for condition 15, experiment 75_8Blank 
 








- hours min sec hours min sec
0 0 -10 0 0 -3 -50
1 0 0 0 0 6 17
2 0 15 0 0 21 16
3 0 30 0 0 36 10
4 1 0 0 1 6 23
5 2 0 0 2 6 25
6 4 0 0 4 6 27
7 6 0 0 6 6 15
8 12 0 0 12 6 17
9 24 0 0 24 6 20
10 36 0 0 36 6 24
IN 0 -20 0 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.85 0.0189 10.04 0 7.81 215 30 218
7.89 0.0186 10.16 6.675 7.92 215 20 217
7.8 0.0184 10.04 7.375 7.9 215 0 215
7.84 0.0186 9.88 7.5125 7.81 215 15 216.5
7.87 0.0192 10.08 6.7375 7.85 215 0 215
7.81 0.0183 9.88 7.4625 7.89 215 0 211
7.79 0.0185 9.84 7.825 7.84 215 40 219
7.82 0.0187 10.04 8.3375 7.89 220 30 223
7.83 0.0185 10.04 7.75 7.98 220 25 222.5
7.8 0.0175 10.36 7.675 7.9 220 10 220.5
7.86 0.0181 10.16 7.35 7.93 220 0 221.5
7.81 0.0165 10.52 7.41 7.82 212 15 213.5
7.77 0.0166 10.04 0 7.87 220 40 224
Alkalinity
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Condition 16: [F]in = 4E-4 M; pH = 8; [CO3]t = 1E-3 M; [Ca]in = 2E-4 M; [PO4]t 
= 1E-4 M 
Table A.61 Raw data for condition 16, experiment 76_8 
 






- hours min sec hours min sec
0 0 -9 -50 0 -3 -25
1 0 0 0 0 6 17
2 0 15 0 0 21 10
3 0 30 0 0 36 9
4 1 0 0 1 6 13
5 2 0 0 2 6 8
6 4 0 0 4 6 5
7 6 3 0 6 9 8
8 12 19 30 12 25 43
9 24 0 0 24 6 6
10 36 0 30 36 6 47
IN 0 -19 -50 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.75 0.379 3.72 0 7.92 280 30 283
7.87 0.231 3.72 0.4975 7.99 275 15 276.75
8.1 0.17 4.04 1.14 7.99 270 0 266
8.09 0.156 4.72 1.55875 8.08 250 100 259.5
8.13 0.141 4.32 2.17875 8.19 245 50 250.25
8.29 0.102 4.36 2.9625 8.16 240 10 241
8.27 0.101 4.4 3.8 8.22 230 30 233
8.22 0.101 4.64 4.5 8.09 220 55 225.25
8.23 0.0992 4.76 5.2 8.06 220 20 221
7.97 0.112 4.96 5.775 7.97 214 20 216
7.97 0.112 6 5.75 7.98 215 20 217.25
7.82 0.2 10.56 7.64 7.97 220 17.5 221.75
7.76 0.316 10.12 0 7.84 220 0 215
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Table A.62 Raw data for condition 16, experiment 77_8 
 









- hours min sec hours min sec
0 0 -10 -1 0 -3 -32
1 0 0 0 0 6 29
2 0 15 0 0 21 10
3 0 30 0 0 36 14
4 1 0 0 1 6 13
5 2 0 0 2 6 8
6 4 0 0 4 5 7
7 6 3 0 6 9 8
8 12 19 30 12 25 43
9 24 0 0 24 6 11
10 36 0 30 36 6 52
IN 0 -20 -1 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.72 0.43 3.2 0 7.89 313 0 313
7.9 0.266 4 0.278875 7.93 295 37.5 299
8.05 0.186 3.96 0.7975 8 280 0 273
8.15 0.159 4.04 1.19875 8.04 260 55 265.5
8.21 0.139 3.48 1.86 8.15 250 27.5 252.75
8.28 0.101 3.72 2.6875 8.24 240 12.5 241.25
8.25 0.0965 5.64 3.7 8.28 230 0 227.5
8.15 0.0965 4.08 4.3125 8.19 220 80 228
8.2 0.0968 4.72 4.975 8.22 220 30 222.5
8.04 0.107 4.56 5.6 8.11 215 10 216
7.98 0.108 4.92 5.7125 8.1 215 20 217.25
7.82 0.2 10.56 7.64 7.97 220 17.5 221.75
7.76 0.316 10.12 0 7.84 220 0 215
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Table A.63 Raw data for condition 16, experiment 78_8 
 









- hours min sec hours min sec
0 0 -9 -46 0 -3 -30
1 0 0 0 0 6 15
2 0 15 0 0 21 1
3 0 30 35 0 36 42
4 1 0 0 1 6 0
5 2 0 0 2 6 15
6 4 0 0 4 6 8
7 6 0 10 6 6 23
8 12 1 0 12 7 14
9 24 0 0 24 6 13
10 36 0 0 36 6 14
IN 0 -19 -46 - - -








pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.93 0.243 3.8 0 8.05 275 0 266
8.03 0.168 3.52 0.44125 8.05 263 40 267
8.09 0.132 3.92 1.20625 8.13 250 80 258.5
8.16 0.123 3.8 1.71 8.18 250 25 252
8.14 0.115 4.08 2.1725 8.18 245 35 248.5
8.15 0.103 4.28 3 8.15 240 65 247
8.11 0.104 4.56 4.0375 8.2 240 0 235
8.08 0.102 4.96 4.45 8.11 230 0 229.5
8.1 0.102 5 5.025 8.11 225 0 223
8.01 0.103 5 5.725 7.98 220 0 218
7.94 0.112 5.44 6.2125 7.98 215 0 214
7.93 0.195 10.12 7.63 7.93 220 35 223.5
7.72 0.184 9.96 0 7.82 222 0 216
Alkalinity
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Table A.64 Raw data for condition 16, experiment 79_8Blank 
 






- hours min sec hours min sec
0 0 -10 -23 0 -4 -1
1 0 0 0 0 6 22
2 0 15 0 0 21 9
3 0 30 35 0 36 47
4 1 0 0 1 6 5
5 2 0 0 2 6 15
6 4 0 0 4 6 15
7 6 0 10 6 6 30
8 12 1 0 12 7 21
9 24 0 0 24 6 17
10 36 0 0 36 6 26
IN 0 -20 -23 - - -






pH [Ca2+] [PO4	3-] [F-] pH	(titration)







7.79 0.196 9.88 0 7.77 220 0 214
7.78 0.196 10.04 7.325 7.9 225 0 225
7.78 0.197 9.96 7.875 7.89 223 0 222.5
7.82 0.197 9.76 7.825 7.93 223 0 223.5
7.8 0.292 10 7.4 7.89 220 20 222
7.83 0.209 10.08 7.45 7.88 220 15 221.5
7.78 0.217 10 7.75 7.86 220 20 222
7.76 0.194 9.8 7.8375 7.79 220 0 220
7.83 0.196 9.96 7.4875 7.93 220 0 220
7.8 0.194 10.44 7.7 7.91 220 0 220
7.88 0.205 10.24 7.6 7.95 220 0 220
7.93 0.195 10.12 7.63 7.93 220 35 223.5
7.72 0.184 9.96 0 7.82 222 0 216
Alkalinity
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A.2 XPS Elemental Core Level Spectra Analyses  
Non-treated HAP, sample 0a (from left to right: O 1s, Ca 2p, C 1s, P 2p) 
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*Note: The spectra from Sample 37b are unlike any of the others in terms of the peak shapes and 
locations. It was attributed to instrument error. Therefore, any analysis of the composition of 
condition 3 left out the measurements from this sample.  
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Condition 2 (pellet core), sample 2INa (from left to right: F 1s, O 1s, Ca 2p, C 









Condition 2 (pellet core), sample 2INb (from left to right: F 1s, O 1s, Ca 2p, C 



















Condition 3 (pellet core), sample 8INa (from left to right: F 1s, O 1s, Ca 2p, C 









Condition 3 (pellet core), sample 8INb (from left to right: F 1s, O 1s, Ca 2p, C 



















Condition 4 (pellet core), sample 20INa (from left to right: F 1s, O 1s, Ca 2p, C 









Condition 4 (pellet core), sample 20INb (from left to right: F 1s, O 1s, Ca 2p, C 









Condition 4 (pellet core), sample 20INc (from left to right: F 1s, O 1s, Ca 2p, C 
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Heat-treated HAP, sample HAP900c (from left to right: O 1s, Ca 2p, C 1s, P 2p) 
 
  
 
  
 
